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PKEFACE. 


I  BEGAN  in  the  year  1843  a  Course   of  Lectures   on 
Practical   Astronomy  and   Astronomical    Instruments, 
having  been  at  that  time  seven  years  Director  of  the 
Cambridge    Observatory.     Lectures  on  these  subjects 
had  already  been  given  by  Dr  Peacock  as  Lowndean 
Professor,  which  he  discontinued  on  the  understanding 
that  I  would  undertake  to  carry  them  on.   The  circum- 
stances that  an  Astronomical  Observatory  so  well  ap- 
pointed as  that  of  Cambridge  was  near  at  hand,  and  was 
provided  with  various  instruments  of  first-rate  quality, 
appeared  to  me  to  give  facilities  for  lecturing  on  Prac- 
tical Astronomy  which  ought  to  be  taken  advantage  of ; 
and  accordingly  I  commenced  lecturing  in  the  above- 
named  year,  having  previously  produced  a  'Syllabus'  of 
the  subjects  of  the  lectures,  and  procured  a  considerable 
number  of  wooden  models,  which,  together  with  some 
apparatus  that  had  been  collected  by  Professor  Peacock, 
I  made  use  of  in  conducting  and  illustrating  the  Lectures, 
I  had  also  the  advantage  of  having  at  command  several 
portable  instruments  pertaining   to   the    Observatory. 
At  the  end  of  the  Syllabus  a  list  of  formulae  applicable 
to  the  reduction  of  astronomical  observations  was  in- 
troduced, accompanied  by  brief  demonstrations.     Also 
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in  giving  the  lectures  orally,  I  adopted  the  plan  of 
exhibiting  in  ink-writing  on  large  sheets  of  white 
paper  descriptions  of  the  instruments,  and  investiga- 
tions of  formulae,  with  the  requisite  illustrations  by 
Figures,  all  being  of  such  size  as  to  be  readily  seen 
by  the  students  from  their  seats.  I  had  recourse  to 
this  method  of  lecturing  partly  because  I  thought  it 
would  serve  to  convey  adequate  information  with 
little  expenditure  of  the  students'  time,  and  partly 
because  I  was  unable  to  meet  with  a  text-book  on 
this  department  of  Astronomy  which  I  could  regard 
as  sufficiently  accurate  and  complete. 

The  contents  of  the  Syllabus,  together  with  the 
explanations  inscribed  on  the  above  mentioned  papers, 
have  formed  the  ground-work  of  the  present  publi- 
cation. In  fact,  as  far  as  regards  the  divisions  of 
the  subjects  treated  of  under  the  head  of  each  instru- 
ment, and  the  order  of  their  treatment,  the  Syllabus 
has  been  closely  followed ;  but  in  the  course  of  writing 
the  Treatise,  the  composition  of  the  Lectures,  as 
originally  conceived,  has  been  in  various  respects 
modified  and  added  to.  The  subjects  which  make 
up  the  additional  matter  are  the  following : — A 
method  of  correcting  the  errors  of  a  transit-instrument 
for  deviation  of  the  pivots  from  the  cylindrical  form  ; 
a  detailed  description  of  the  construction  and  appli- 
cations of  the  collimating  eye-piece ;  the  chronographi- 
cal  method  of  registering  transit- observations ;  a  discus- 
sion respecting  personal  equation  in  taking  eye-and-ear 
transits;  an  experimental  investigation  of  the  effect  of 
the  flexure  of  a  Mural  Circle  on  the  mean  of  its  Micro- 
scope-readings ;  a  description  of  the  construction  of  the 
new  Transit-Circle  of  the  Cambridge  Observatory  and 
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the  mode  of  using  it  in  taking  observations  (inserted 
with  the  consent  of  Professor  Adams) ;  the  method 
employed  at  Greenwich  for  making  observations  of 
the  Moon  with  an  Altazimuth  Instrument  (not  pre- 
viously introduced,  as  far  as  I  am  aware,  in  an 
Elementary  Treatise)  ;  and  the  process  of  taking 
observations  with  the  Greenwich  Reflex  Zenith  Tube. 
The  treatment  of  these  subjects  has  given  to  the 
work  an  extension  much  beyond  what  I  at  first 
contemplated,  but  at  the  same  time  its  usefulness- 
as  an  astronomical  manual  may  be  considered  to  be 
much  increased  by  being  thus  made  to  exhibit  with, 
a  great  degree  of  completeness  the  actual  state  of 
observational  astronomy. 

Although  the  instruments  of  the  Cambridge 
Observatory,  and  processes  of  observation  I  adopted 
in  the  use  of  them,  have  been  more  especially  de- 
scribed, and  the  Treatise  consequently  partakes  some- 
what of  a  local  and  personal  character,  I  may  venture, 
I  thinkr  to  say  that  as  having  been  written  after 
twenty-five  years  of  continuous  labors  in  astronomi- 
cal observations  and  calculations,  and  containing  what 
may  have  occurred  to  me  in  the  course  of  that  experi- 
ence as  contributory  to  the  advancement  or  improve- 
ment of  practical  astronomy,  it  will  be  found  of  some 
general  utility  as  respects  the  work  carried  on  in  an 
Astronomical  Observatory. 

A  particular  account  has  been  given  of  the  in- 
vestigation of  formulae  for  the  calculation  of  the 
mean  places  and  annual  variations  of  the  fixed  stars, 
and  care  has  been  taken  to  derive  the  numerical 
coefficients  from  the  most  accurate  data  procurable. 
The  values  assigned  to  the  coefficients  were  calculated 


viii  PREFACE. 

for  the  year  1879,  and  generally  may  be  used  without 
important  error  for  epochs  less  than  ten  years  before 
and  after  that  date. 

I  take  this  opportunity  for  saying  a  few  words 
respecting  Practical  Astronomy  considered  as  a  subject 
included  in  the  course  of  the  Mathematical  Studies 
of  the  University  of  Cambridge.  It  seems  to  me 
that  the  tendency  of  our  mathematical  instruction 
and  examinations  has  been  of  late  years  to  promote 
the  acquisition  of  a  knowledge  of  formal  relations 
of  symbols  and  the  power  of  readily  producing  them, 
apart  from  a  distinct  exercise  of  the  reasoning 
faculty.  Now  as  far  as  regards  Practical  Astronomy 
and  Astronomical  Instruments,  it  may  be  asserted 
that  it  would  be  impossible  for  the  student  to  make 
himself  acquainted  with  this  department  of  science 
without  understanding  the  reasons  of  the  mutual 
relations  of  the  different  parts  of  the  instruments, 
and  the  processes  of  observation  by  which  the  intend- 
ed purposes  are  effected.  He  must  be  able  to  see 
how  the  many  ingenious  mechanical  contrivances  which 
the  wants  of  astronomy  have  called  forth,  contribute 
to  facility  and  precision  in  making  and  recording  ob- 
servations, and  although  this  accomplishment  may  not 
demand  a  very  high  order  of  intelligence,  it  is  still 
a  mental  exercise  of  much  educational  value,  inasmuch 
as  it  is  altogether  unlike  any  process  of  reasoning 
by  abstract  symbols,  and  may  serve  as  a  corrective 
of  the  effect  of  too  exclusive  an  attention  to  reason- 
ing of  that  kind.  The  amount  of  mathematical 
knowledge  which  a  complete  understanding  of  Practical 
Astronomy  requires  is  not  more  than  what  every 
candidate  for  Mathematical  Honors  is  expected  to 
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possess,  and  accordingly  the  subject  may  be  regarded 
as  being  within  the  reach  of  candidates  of  all  degrees 
of  proficiency.  For  these  reasons  I  think  it  is  much 
to  be  desired  that  Lectures  on  Practical  Astronomy 
should  always  form  a  part  of  University  teaching, 
and  that  the  subject  should  at  the  same  time  receive 
due  recognition  in  the  Senate  House  Examination. 

I  am  of  opinion  that  a  Professor  of  Astronomy, 
or  Lecturer,  who  may  undertake  to  lecture  in  this 
University  on  Practical  Astronomy,  if  he  should 
recommend  selected  portions  of  a  Treatise  like  the 
present  for  the  students'  reading,  and  give  only  a 
few  Lectures,  would  be  able  to  convey  sufficient 
instruction  to  candidates  for  Mathematical  Honors, 
without  requiring  a  disproportionate  expenditure  of 
time  on  this  one  branch  of  only  one  of  the  many 
subjects  that  engage  their  attention.  The  Lectures 
might  be  given  partly  in  the  Astronomical  Lecture- 
Room  in  the  Museum  Buildings,  to  take  advantage  of 
the  collections  of  instruments  and  models  contained 
either  in  the  Cabinet  of  the  Plumian  Professor's  private 
room  or  in  the  Astronomical  Apparatus  Hoom,  and 
partly  at  the  Observatory  for  the  purpose  of  pointing 
out  the  construction  and  mounting  of  the  several  in- 
struments, and  the  methods  of  taking  observations. 

The  contents  of  this  Volume  to  page  337  are 
limited  to  the  consideration  of  what  is  done  with 
fixed  instruments  in  a  fixed  observatory,  and  as 
having,  consequently,  exclusive  relation  to  the 
foundations  of  exact  Astronomical  Science,  might  be 
appropriately  separated  from  all  other  parts  of  Prac- 
tical Astronomy,  and  form  a  distinct  Volume.  But 
because  in  the  before  mentioned  Syllabus  additional 
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subjects  were  inserted  which  might  be  ranged  under 
the  heads  of  Observations  with  Transportable  Instru- 
ments, and  Miscellaneous  Astronomical  Information 
not  given  in  the  previous  part  of  the  Treatise,  which 
also  in  delivering  the  Lectures  formed  the  concluding 
portion  of  the  Course,  I  have  included  them  in  the 
last  two  Sections  of  the  present  Volume,  although 
on  account  of  failing  health  and  strength,  I  have 
not  been  able  to  treat  of  them  so  fully  and  in  as 
much  detail  as  the  subjects  comprised  in  the  funda- 
mental portion.  It  will,  however,  I  think,  be  found 
that  The  Theodolite  and  The  Sextant,  two  portable 
instruments  of  essential  use  in  the  Sciences  respec- 
tively of  Geography  and  Navigation  which  are  of  so 
much  national  importance  at  the  present  time,  have 
been  adequately  handled.  Also  due  consideration  has 
been  given  to  the  methods  recently  employed  for 
determining  the  Solar  Parallax,  and,  in  particular, 
inferences  deduced  from  the  observations  of  the 
Transit  of  Venus  across  the  Sun's  disk,  on  Decem- 
ber 8,  1874,  have  been  brought  into  notice. 
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separated. by  small  intervals  (the  case  of  the  Greenwich  and  Cambridge 
Transit- circles).  113 — 115,  deduction  of  time  of  transit  of  Centre  from  the 
observed  time  of  transit  of  Limb ;  correction  of  transit-time  of  a  Limb  for 
defect  of  illumination,  in  observations  of  the  Moon,  Venus  (horned  and 
gibbous),  Mars,  and  Jupiter ;  investigations  of  formulae  for  calculating  the 
corrections.  116 — 126,  reduction  of  the  mean  of  transits  across  some  of 
the  wires  to  transit  across  the  mean  of  all  the  wires  ;  previous  determination 
of  the  interval  of  each  wire  from  the  mean  of  all  for  any  star  or  moving 
body ;  auxiliary  table  of  intervals  for  an  equatorial  star,  and  for  Polaris  and 
5  Ursaa  Minoris ;  reduction  to  the  mean  of  the  wires  of  transit-times  taken 
at  dark  bars  for  observing  faint  objects;  investigation  of  factors  for 
obtaining  the  correction  of  broken  transits  of  the  Sun,  Moon,  and  Planets 
from  that  for  a  star  of  the  same  P.D. ;  additional  factor  for  the  Moon  to 
include  the  effect  of  parallax;  (the  measure  of  the  Moon's  diameter  by 
transits  not  affected  by  parallax) ;  rule  for  deriving  from  the  intervals  calcu- 
lated for  omitted  wires  the  reduction  of  the  mean  of  the  observed  times  to 
the  mean  of  all  the  wires.  127 — 128,  investigation  of  a  formula  for 
calculating  level-correction  from  transits  of  Polaris  taken  at  part  of  the 
wires  directly,  and  at  part  by  reflection ;  the  result  independent  of  collima- 
tion  and  azimuth  errors ;  deduction  thence  of  collimation-error  from 
measures  by  the  collimating  eye-piece ;  the  method  by  horizontal  collimators 
preferable. 

Arts.  129 — 131,  registering  of  transit-observations  by  means  of  a  galvanic 
circuit ;  description  of  the  apparatus,  and  of  the  chronographic  operation ; 
advantages  of  this  method  as  respects  accuracy,  and  diminution  of  difference 
of  personal  equation.  132 — 135,  discussion  relative  to  personal  equation  both 
in  galvanic  and  in  eye-and-ear  observations  ;  notice  of  personal  discordance 
in  taking  transits  of  first  and  second  limbs. 

IV.     Calculation  of  Apparent  Right  Ascensions  from  the  transit-obsewations,  and 
of  the  Mean  Right  Ascensions  of  Stars       ....     PAGES  126 — 148. 

Arts.  136 — 147,  historical  dissertation  on  the  determination  of  Eight 
Ascensions  reckoned  from  the  First  Point  of  Aries;  Flamsteed's  method,  and 
formation  of  his  Historia  Calestis ;  Bradley's  more  perfect  method  through 
discovery  of  the  effects  of  Aberration  and  Nutation ;  formulae  for  reducing 
Apparent  to  Mean  places  of  Stars,  and  for  calculating  their  Annual 
Variations,  deduced  by  Bessel  from  researches  in  his  Fundamenta  Astronomies 
and  Tabula  Regiomontance ;  corrections  of  the  constants  of  Bessel's  formulas 
by  0.  Struve,  Dr  Peters,  W.  Struve,  and  Leverrier;  Peters's  formulae  for 
calculating  the  Annual  Precessions  in  E.A.  and  P.D. ;  the  formulae  for 
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reduction  to  Mean  E.A.  and  P.O.  adopted  in  the  Naut.  Aim.  ;  Airy's 
modification  of  the  same  for  avoiding  negative  signs. 

Arts.  148 — 150,  determination  of  the  error  of  the"  clock  on  true  sidereal 
time  of  the  place  of  observation;  effected  by  means  of  a  catalogue  of 
fundamental  stars  ;  origination  of  the  catalogues  of  such  stars  contained  in 
the  Naut.  Aim. ;  deductions  therefrom  of  the  E.A.  of  the  fundamental  stars 
used  for  the  reduction  of  the  Cambridge  transit-observations.  151 — 154, 
calculation  of  the  clock's  daily  rate  and  the  clock-error ;  rules  for  finding  the 
correction  for  clock- error  to  be  applied  to  the  clock-time  of  any  meridian 
transit ;  allowance  for  difference  of  personal  equations  when  the  transits  are 
not  all  taken  by  the  same  observer ;  inference  of  the  mean  E.A.  of  a  star 
from  all  its  apparent  E.A.  obtained  hi  the  course  of  a  year ;  calculation  of 
the  star's  mean  E.A.  at  a  given  epoch  from  the  results  of  several  years' 
observations  ;  formation  of  a  catalogue  of  the  mean  E.A.  of  the  stars,  with 
the  annual  variations  and  proper  motions ;  an  enumeration  of  the  principal 
Catalogues  of  Fixed  Siars,  in  a  Note  to  Art.  154  (page  146). 

Art.  155,  final  determination  of  the  mean  error  of  the  assumed  E.A.  of 
the  fundamental  stars ;  only  obtainable  by  combining  Circle  and  Transit 
observations  of  the  Sun  on  the  meridian.  156,  example  of  the  complete 
reduction  of  the  transit-observation  of  a  star. 

Description    of     the     Cambridge     Transit -Instrument,    as     represented     in 
Plate  I.      ...        .        .  \     *       V        ."     '.        .        .    PAGE  149. 

THE  MUEAL  CIECLE          .    .    - PAGES  148—233. 

I.  Description  of  the  Parts  and  Mounting  of  the  Instrument     .   PAGES  151 — 159. 

Art.  158,  special  description  of  the  Mural  Circle  of  the  Cambridge 
Observatory.  159,  protection  from  the  Sun's  heat  by  a  screen.  160 — 161, 
details  and  advantages  of  the  tangent-screw  and  clamp  attached  to  the 
Cambridge .  Circle.  162,  construction  and  mounting  of  a  micrometer- 
microscope  for  reading  off  the  Circle  graduation ;  its  field  of  view,  cross-wires, 
toothed  comb,  and  zero-indicator.  163,  the  field  of  view  of  the  Telescope,  the 
five  vertical  wires,  fixed  horizontal  wire  and  parallel  micrometer- wire,  toothed 
comb,  and  zero -indicator  coinciding  with  the  fixed  wire;  external  parts  of  the 
eye-end,  namely,  means  of  adjusting  the  fixed  wire,  or  micrometer- wire 
horizontally,  the  micrometer-head  and  opposite  spring,  apparatus  for  at- 
taching the  Telescope  to  the  limb  of  the  Circle  and  shifting  the  position, 
screws  for  correction  of  collimation-error,  and  screw-adjustment  of  the  wire- 
frame to  the  geometrical  focus  of  the  object-glass.  164,  illumination  of  the 
field  of  view,  setting-circle,  pointer  for  setting  by  a  calculated  Circle-reading. 
165,  the  pivots  of  the  Cambridge  Circle,  counterpoise  action  by  friction- 
wheels,  means  of  correcting  mechanically  level  and  azimuth  errors. 

II.  The    adjustments  of   a  Mural    Circle,    and    corrections    of    instrumental 

errors        .        .         .        '.-.".        .        .        .        PAGES  160 — 187. 

Arts.  166 — 167,  mechanical  adjustments  to  the  plane  of  the  meridian 

sufficiently  accurate ;  processes  of  fixing  the  'position  of  the  wall,  and  of 
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mounting  the  instrument,  for  the  application  of  such  adjustments.  168 — 
170,  description  of  Kamsden's  Ghost  Apparatus,  and  method  of  using  it  for 
levelling  the  axis  of  motion  of  a  mural  circle.  171,  mechanical  correction 
of  a  level- error  obtained  by  direct  and  reflection  transits  of  Polaris.  172, 
correction  of  collimation-error  by  the  collimating  eye-piece  and  screw-adjust- 
ment, after  correcting  the  level-error  ;  corrections  of  collimation  and  level 
errors  by  means  of  two  horizontal  Collimators  and  the  collimating  eye-piece ; 
mechanical  correction  of  azimuth  error  found  by  transits  of  stars.  173 — 
174,  temporary  use  of  the  Circle  Telescope  for  transit-observations,  after 
numerical  determinations  of  the  three  errors ;  usual  mode  of  testing  the 
adjustment  of  its  plane  of  collimation  to  the  meridian.  175 — 179,  adjust- 
ments of  the  pointings  of  the  axes,  and  positions  of  the  combs,  of  the 
micrometer-microscopes ;  setting  of  the  microscopes  ;  definition  of  the  error 
of  Euns ;  the  microscope  reading  of  a  Circle-graduation ;  calculation  of  the 
correction,  positive  or  negative,  of  an  error  of  Run.  180 — 182,  the  Circle- 
reading  and  application  of  total  correction  for  Euns ;  the  Pointer-reading  ; 
concluded  Circle-reading;  proof  that  with  the  use  of  six  microscopes  the 
concluded  reading  is  not  affected  by  eccentricity  of  the  graduation,  and 
irregularity  of  the  forms  of  the  pivots. 

Arts.  183 — 184,  equatorial  adjustment  of  the  fixed  horizontal  wire  for 
reference-position  of  the  observations  of  P.  D. ;  use  of  the  micrometer-wire 
alone  for  measures  of  P.  D. ;  readings  for  coincidence  of  the  micrometer- 
wire  with  the  fixed  wire ;  determination  of  the  arc-value  of  the  micrometer 
revolution,  for  reducing  bisections  with  the  micrometer-wire  to  the 
reference  position ;  elimination,  by  alternate  measures,  of  the  disturbing 
effect  of  atmospheric  refraction  in  making  the  determination  by  a  meridian 
mark ;  general  formula  applicable  to  alternate  measures  (in  a  Note  to  Art. 
185,  page  178).  187,  discussion  of  residual  errors  by  which  Circle-readings 
may  be  affected. 

Arts.  188 — 191,  definition  of  Zenith  Point,  or  Index  Error;  infer- 
ence therefrom  of  Zenith  Distances;  method  of  finding  the  Zenith  Point 
by  a  vertical,  or  a  horizontal,  floating  collimator ;  applications  of  the  col- 
limating eye-piece  for  the  same  purpose,  with  and  without  a  fixed  wire ; 
formula  for  coincidence  of  the  micrometer-wire  with  its  image  when  a  fixed 
wire  is  used. 

DESCRIPTIONS,  ACCOMPANYING  PLATE  II.,  OF  THE  GREENWICH  AND  CAMBRIDGE  MURAL 
CIRCLES PAGES  186, 187. 

HI.    Methods  of  observing  with  the  Mural  Circle,  and  Calculation  of  Apparent 
Zenith  Distances •  .  PAGES  187 — 225 

Arts.  192 — 196,  use  of  a  setting-circle  with  spirit-level;  adjustment 
of  the  index  for  setting  in  a  direct  observation  ;  additional  index  for  setting. 
in  a  reflection  observation ;  uses  of  two  setting-circles  of  a  Transit-circle 
which  is  not  reversed.  197—201,  the  direct  observation  of  a  star ;  note  of 
the  place  of  bisection  in  the  field,  the  star  not  being  near  the  Pole ;  note  of 
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the  clock-time  of  bisection  for  a  star  near  the  Pole ;  formulae  for  reduction 
to  the  meridian  for  curvature  of  path  in  the  two  cases ;  determination  of 
the  sign  of  the  correction.  202 — 203,  the  observation  of  a  star  by  reflection ; 
process  of  taking  the  double  observation ;  placing  a  mercury-trough,  and 
cleaiing  the  surface  of  the  mercury,  for  the  reflection-observation;  cor- 
rection for  curvature  of  path,  the  same  as  that  for  the  direct  observation 
with  opposite  sign.  204,  additional  correction  for  reduction  to  the  meridian 
in  observations  of  the  P.D.  of  moving  bodies ;  determinations  of  its  amount 
and  sign  in  the  cases  of  the  Sun  and  Planets.  205 — 206,  method  of 
observing  both  Limbs  of  the  Sun  at  the  same  transit  with  the  Mural  Circle; 
the  practice  with  the  Cambridge  and  Greenwich  Transit-circles. 

Arts.  207 — 208,  mode  of  observing  the  P.D.  of  a  Limb  of  the  Moon ; 
reduction  to  the  meridian,  requiring  two  additional  factors  on  account  of  the 
Moon's  orbital  motion  and  parallax;  observations  for  P.D.  of  a  N.  or  S. 
Limb,  and  E.A.  of  a  first  or  second  Limb,  by  one  observer  at  the  same 
meridian  passage ;  bisections,  or  transits,  of  opposite  limbs  nearly  full  by  a 
Transit-circle  with  assistance.  209 — 213,  Circle-observations  of  Planets 
having  sensible  disks  ;  Jupiter,  the  globe  of  Saturn,  Mars,  Venus ;  bisections 
of  the  estimated  centres  of  other  planets ;  investigation  of  corrections  for 
defect  of  illumination  of  gibbous  and  horned  disks ;  inference  of  apparent 
semi-diameters ;  amount  and  sign  of  the  correction  for  the  Moon  when 
nearly  full ;  general  rule  for  determining  which  limb  is  defective.  214, 
bisection,  at  the  edge  of  a  broad  micrometer-bar,  of  an  object  too  faint  for 
illumination  of  the  field,  and  reduction  of  the  micrometer-reading  to  the 
reference-position. 

Arts.  215—218,  determination  of  apparent  Zenith  Distances  ;  correction 
for  Eefraction  by  Bessel's  Tables ;  local  Zenith  and  Polar  Distances ; 
discordance  of  zenith  points  deduced  from  reflection  and  direct  observations 
of  stars ;  method  of  correcting  apparent  Z.  D.  for  discordance  of  zenith 
points.  219—220,  calculation  of  the  colatitude  of  an  Observatory  from  cor- 
rected Z.  D.  of  the  same  star  above  and  below  Pole ;  estimation  of  the  weights 
of  results  given  by  observations  of  different  stars ;  concluded  colatitude  of  the 
Cambridge  Observatory  from  observations  in  1833,  1836,  1837,  and  1838. 
221 — 228,  particulars  of  an  experiment  for  determining  the  effect  of 
mechanical  flexure  on  the  circle-readings,  made  by  two  collimators  mounted 
for  collimating  with  each  other  and  with  the  circle  Telescope  at  all  Zenith 
Distances.  229,  result  of  the  experiment,  shewing  that  mechanical  flexure 
does  not  account  for  the  discordance  of  zenith  points  exhibited  by  the 
Cambridge  Mural  Circle ;  conjectural  reasons  for  ascribing  it  to  the  large 
size  of  the  Circle.  230,  errors  of  graduation;  evidence  that  they  do  not 
sensibly  affect  the  indications  of  the  Cambridge  Circle. 

IV.     Calculations  of  the  Mean  Polar  Distances  of  Stars,  and  of  the  Geocentric 
Polar  Distances  of  the  Sun,  Moon,  and  Planets.        .        .     PAGES  225—233 

Art.  231,  the  apparent  P.D.  of  a  Star,  and  calculation  of  its  mean  P.D. 
at  the  beginning  of  the  year ;  application  of  corrections  for  error  of  adopted 

C.  b 
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colatitude  and  discordance  of  zenith  points  to  the  mean  of  all  such  mean 
P.D.  of  the  star  obtained  in  the  year;  the  mean  P.p.  concluded  from 
observations  in  several  years;  complete  formation  of  a  Catalogue  of  mean 
places  of  stars  for  a  given  epoch. 

Art.  232,  calculated  local  P.  D.  of  a  bisected  N.  or  S.  Limb  of  the  Sun, 
Moon,  or  a  Planet;  deduction  of  the  Geocentric  P.D.  by  correcting  for 
Parallax;  special  formula  for  calculating  the  Moon's  parallax;  formula  for 
any  other  body.  233 — 235,  inference  of  geocentric  P.  D.  of  centre,  and  of 
geocentric  measures  of  diameter,  from  bisections  of  opposite  limbs ;  calcula- 
tion of  the  Moon's  geocentric  diameter  from  transits  of  both  limbs  taken 
on  the  meridian,  or  out  of  the  meridian  with  an  Equatorial;  correction 
thereby  of  the  value  assumed  in  the  Naut.  Aim. ;  confirmation  of  the  tabular 
value  of  the  Sun's  diameter  by  Transit  and  Circle  observations ;  derivation 
of  the  semidiameter  of  Venus  from  the  micrometer  measures  of  1838  and 
1839,  by  an  investigation  which  eliminates  the  effect  of  irradiation; 
consequent  correction  of  the  value  adopted  in  the  Naut.  Aim.  236,  correction 
of  the  observed  P.  D.  of  the  Moon  for  error  of  position  of  the  plane  of 
collimation. 

Art.  237  (pages  230—233),  examples  of  the  complete  reduction  of  Circle 
observations  of  a  Star,  and  of  the  Sun. 

THE  TEANSIT  CHICLE PAGES  233—256. 

Arts.  238 — 239,  notices  respecting  the  Greenwich  and  Cambridge  Transit 
Circles;  statements  relative  to  the  latter  (see  Note  in  page  234),  and  extracts 
from  the  account  of  it  given  in  the  M.  N.  of  the  E.  A.  S.  240 — 245,  particular 
descriptions,  accompanying  Plate  in.,  of  the  various  parts  and  appendages 
of  the  Instrument,  the  sets  of  wires,  the  two  collimators,  the  piers  for  the 
mounting,  the  graduation  and  microscopes,  the  clamping  and  slow-motion 
apparatus,  the  illuminations,  and  generally  of  the  manipulation  and 
arrangements  for  taking  simultaneous  observations  of  E.  A.  and  P.  D.  246, 
special  means  employed  for  obtaining  corrections  of  B.  A.  observations  for 
deviations  of  the  pivots  from  the  cylindrical  form. 

Arts.  247 — 252,  calculations  for  deducing  from  the  observations  of  the 
Sun  made  in  the  course  of  a  year  with  a  Transit-instrument  and  Mural 
Circle,  or  with  a  Transit  Circle,  together  with  data  from  Solar  Tables,  the 
exact  position  of  the  First  Point  of  Aries,  the  Obliquity  of  the  Ecliptic,  and 
the  mean  error  of  the  assumed  E.  A.  of  the  fundamental  stars ;  conversion 
of  errors  in  E.  A.  and  P.  D.  into  errors  in  Longitude  and  Ecliptic  Polar 
Distance.  253—258,  derivation  of  data  for  exactly  measuring  time-intervals 
and  determining  epochs  from  meridional  observations;  definitions  of  a 
sidereal  day  and  a  mean  solar  day ;  formula  for  computing  the  Sun's  Mean 
Longitude  at  the  Greenwich  mean  noon  of  January  1,  1800  +  tt  derived  from 
results  obtained  by  Bessel  by  comparing  meridian  observations  of  the  Sun 
separated  by  a  long  interval ;  consequent  formula  for  computing  the  sidereal 
time  of  mean  noon ;  analogous  formula  for  the  epoch  of  Greenwich  mean  noon 
of  January  1, 1850  + 1,  from  Leverrier's  Solar  Tables ;  example  of  calculating 
by  each  set  of  formulae  the  sidereal  time  of  a  given  mean  noon ;  rule  for 
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computing  the  mean  time  of  transit  of  the  first  point  of  Aries.  259 — 261, 
rules  for  converting  the  sidereal  time  of  a  place  into  its  mean  time,  and  the 
reverse  operation;  conversion  of  local  sidereal  time  into  Greenwich  mean 
time,  the  Longitude  of  the  place  being  known.  262 — 264,  principle  of 
determining  terrestrial  Longitude  by  astronomical  means ;  comparison  for 
that  purpose  of  simultaneous  sidereal  times  at  two  localities  by  transfer  of 
chronometers  ;  by  galvanic  signals  ;  determination  by  both  methods  of  the 
Longitude  of  the  Cambridge  Observatory.  265,  concluding  remarks  on  the 
relation  of  the  results  of  meridian  observations  to  Physical  Astronomy* 

Statement  of  the  subjects  treated  of  in  the  subsequent  portion  of  the  Lectures 

PAGES  256—257. 

THE  EQUATOEIAL PAGES  257—316. 

Art.  266,  general  statement  of  the  purposes  to  which  an  Equatorial 
is  adapted;  its  uses  in  taking  observations  out  of  the  meridian,  especially 
differential  measures  of  K.  A.  and  P.D. 

I.     Description  of  tlie  parts  and  mode  of  mounting        .        .        PAGES  258 — 262. 

Arts.  267 — 271,  the  Five-feet  Equatorial  of  the  Cambridge  Observatory ; 
indication  of  its  parts  and  mounting  by  reference  to  Figure  40;  the 
piers  supporting  the  instrument,  place  and  support  of  the  clock,  the  upper 
and  lower  pivots  and  Y's,  the  frame  bearing  the  Telescope,  the  polar  axis, 
the  declination- circle  and  two  microscopes,  the  declination-axis,  the  hour- 
circle  and  two  microscopes,  the  graduations  and  slow-motion  apparatus  of 
the  two  circles;  the  wires  and  illumination  of  the  field,  and  the  Finder. 
272 — 273,  construction  of  a  diagonal  eye-piece  for  conveniently  observing 
objects  near  the  Pole. 

n.     Tlie  Adjustments  of  an  Equatorial        ....         PAGES  263 276. 

Arts.  274 — 275,  mechanical  corrections  of  instrumental  errors ;  determi- 
nations of  the  errors  by  observations  of  stars;  the  errors  arranged  in 
the  logical  order  of  the  corrections,  namely,  index  error  of  the  declination- 
circle,  error  of  the  angular  elevation  of  the  polar  axis,  the  deviation  of  that 
axis  from  the  plane  of  the  meridian,  the  collimation  error,  the  error  of 
position  of  the  declination-axis,  and  the  index  error  of  the  hour-circle.  276, 
adjustments  that  may  be  made  mechanically  without  observations  of  stars, 
placing  the  declination-axis  at  right  angles  to  the  polar  axis  by  a  swinging 
level  (the  construction  and  mode  of  application  of  which  are  shewn  by  Fig. 
44) ;  correcting  collimation  error  by  a  mark;  correcting  the  index  error  of  the 
hour-circle  by  the  swinging  level.  277,  test  of  the  stability  of  the  polar  axis 
by  a  swinging  level  with  its  axis  of  motion  parallel  to  the  telescope-axis. 
278,  method  of  adjusting  the  position  of  the  polar  axis  of  an  Equatorial 
which  has  no  declination-circle ;  formulae  for  calculating  the  deviation  of  the 
instrumental  Pole  southward  and  westward.  279,  the  other  adjustments 
of  an  Equatorial  for  taking  observations  of  R. A.  and  P.D.  the  same 
as  those  of  the  Transit  and  Mural  Circle,  or  Transit-circle. 
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III.  Method*  of  observing  with  an  Equatorial  and  elimination  of  instrumental 
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PRACTICAL    ASTRONOMY, 


INTRODUCTION. 

1.  THE  science  of  Astronomy  may  be  regarded  as  composed 
of  three  distinct  parts:  Practical  Astronomy,  relating  to  the  con- 
struction and  use  of  Astronomical  Instruments;  Spherical  As- 
tronomy, consisting  for  the  most  part  of  deductions,  according 
to  the  rules  of  Spherical  Trigonometry,  from  data  furnished  by 
Practical  Astronomy,  apart  from  any  dynamical  considerations  ; 
Physical  Astronomy,  or  calculations  of  the  motions  of  the  Sun, 
Moon,  and  Planets,  depending  essentially  on  the  hypothesis  of 
Universal  Gravitation.   The  Lectures  will  embrace  only  subjects 
which  may  be  considered  to  pertain  to  the  first  part. 

2.  Practical  Astronomy,  while  it  is  distinguished  from  the 
other  two  parts  by  being  immediately  concerned  with  the  means 
and  methods  of  taking  observations  of  celestial  objects,  is  at  the 
same  time  related  to  them  as  the  foundation1  on  which  they 
rest.      Spherical   Astronomy   and    Physical  Astronomy   admit 
of  actual  application  only  so   far  as   they  depend   on   results 
obtained  by  observations  made  with  Astronomical  Instruments. 

3.  Astronomical  observations  are  of  two  kinds :  (1)  obser- 
vations made  at  a  permanent  Observatory  with   fixed  instru- 

1  The  work  entitled  Fundamenta  Astronomic,  produced  in  the  year  1818  by 
Bessel,  the  eminent  astronomer  of  Konigsberg,  consists  mainly  of  deductions 
from  observations  of  Stars  and  the  Sun,  made  by  Bradley  at  Greenwich,  in  the 
years  1750—1762. 
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ments,  for  the  purposes,  generally,  of  determining  and  arranging 
in  Catalogues  exact  positions  of  fixed  stars,  for  use  as  points  of 
reference  in  other  observations,  or  of  ascertaining  at  recorded 
times  the  positions  of  moving  bodies  in  order  thereby  to  test 
and  correct  their  physical  theories ;  (2)  observations  made  either 
with  instruments  placed  in  temporary  observatories,  and  with 
theodolites,  for  geodetical  surveys  and  mapping  the  earth's  sur- 
face, or  with  portable  instruments  for  nautical  purposes.  The 
sciences  of  Geography  and  Navigation  are  respectively  depen- 
dent on  the  two  kinds  of  observation  in  class  (2),  conjoined  with 
data  furnished  by  means  of  observations  that  come  under  class 
(1),  such  data,  for  instance,  as  those  contained  in  the  Nautical 
Almanac.  We  may  also  consider  to  be  included  in  class  (2) 
observations  of  eclipses  and  occultations  of  celestial  objects, 
measures  of  the  diameters  of  Sun,  Moon,  and  Planets,  and  mea- 
sures of  the  relative  positions  of  the  components  of  double  and 
multiple  stars.  Although  the  observations  of  the  first  class,  as 
being  fundamental,  will  be  chiefly  treated  of  in  these  Lectures, 
all  those  of  the  other  class  will  receive  some  share  of  attention. 

4.  For  understanding  the  Lectures  some  previous  know- 
ledge, of  no  great  amount,  is  required.     I   shall  suppose   the 
student   to   be   acquainted  with   the   terms  by  which   certain 
points  and  great  circles  of  the  celestial  sphere  are  designated, 
as  given,  for  instance,  in  the  introduction  to  Hymers's  Astronomy, 
or  in  Chapters  I.  and  II.  of  Godfray's  Treatise  on  Astronomy. 
A  few  propositions  of  Spherical  Trigonometry  and  Analytical 
Geometry  will   have   to  be   employed,  and  in  explaining   the 
modes   of  using   telescopes   and   microscopes  for   astronomical 
observation  certain  propositions  of  Geometrical  Optics  will  be 
taken  for  granted.     The  proofs  of  two  optical  propositions  of 
practical  importance,  one  relating  to  the  magnifying  power  of  a 
telescope,  and  the  other  to  the  brightness  of  the  image  formed 
in  its  field  of  view,  will  be  given  in  an  Appendix. 

5.  It  may  be  asserted  generally  that  what  is  effected  in 
Practical  Astronomy  is  the  measurement  of  celestial  arcs  by 
means  of  clocks,  or  graduated  instruments,  or  by  micrometers. 
The  measurement  of  an  arc  by  the  intervention  of  an  astro- 


INTRODUCTION.  3 

nomical  clock  depends  on  the  assumed  uniformity  of  the 
rotation  of  the  earth  about  its  axis.  A  position  on  the  celestial 
sphere  is  assigned  by  the  measurement  of  two  arcs,  or  spherical 
co-ordinates,  one  of  which  is  reckoned  from  an  assumed  origin 
on  a  great  circle  of  the  sphere  to  the  point  of  intersection  of 
this  great  circle  with  another  passing  through  its  pole  and 
through  the  position  itself,  and  the  other  co-ordinate  is  the 
arc  of  the  second  great  circle  intercepted  between  the  position 
and  the  aforesaid  point  of  intersection.  The  co-ordinates  are 
Right  Ascension  and  Declination  if  the  pole  be  that  of  the 
equator,  and  Longitude  and  Latitude  if  it  be  the  pole  of 
the  ecliptic.  Instead  of  Declination  and  Latitude,  their  com- 
plements, called  respectively  North  Polar  Distance  and  Ecliptic 
Polar  Distance,  are  frequently  employed  as  co-ordinates  of 
position. 

6.  The  principal  instruments  used  in  a  permanent  Obser- 
vatory for  determining  exact  celestial  positions  are  the  Transit 
Instrument,  the  Mural  Circle,  the  Transit-Circle  (a  combination 
of  the  Transit  Instrument  and  Mural  Circle),  the  Equatorial, 
and  the  Altitude  and  Azimuth  Instrument.  The  parts  and 
appendages  of  these  instruments  are  appropriate  to  the  pur- 
poses they  are  designed  to  answer.  The  Transit  Instrument 
measures  Right  Ascension  by  intervals  of  time,  and  serves  to 
determine  epochs  of  time ;  the  Mural  Circle  measures  by  its 
graduation  Declination,  or  North  Polar  Distance ;  the  Transit 
Circle  is  capable  of  giving  at  the  same  time  both  Right 
Ascension  and  Declination,  and  of  effecting  all  that  is  done 
by  the  separate  use  of  the  Transit  Instrument  and  the  Mural 
Circle.  The  observations  with  these  three  instruments  are 
made  in  the  meridian  of  the  place  of  observation.  The  Equa- 
torial is  adapted  to  ascertain  simultaneously  both  the  Right 
Ascension  and  the  Declination  of  an  object  out  of  the  meri- 
dian. The  same  assertion  is  true  of  the  Alt-azimuth  Instru- 
ment, the  Altitude  and  Azimuth  immediately  observed 
being  converted  by  calculation  into  Right  Ascension  and 
Decimation.  The  Longitude  and  Latitude  of  an  object  are  not 
directly  observed,  but  are  deduced  by  calculating  according 
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to  rules  of  Spherical  Trigonometry  from  its  Right  Ascension 
and  Declination  obtained  by  means  of  instrumental  observa- 
tion. 

7.  The  use  of  the  transit  circle  is  preferable  to  observing 
separately  with  a  transit  instrument  and  a  mural  circle,  because 
the  latter  method  requires  two  observers,  and  circumstances 
may  occur  under  which  only  one  of  the  co-ordinates  of  position 
is  obtained,  whereas  with  the  transit  circle  it  is  generally  possible 
for  a  single  observer  to  obtain  both  co-ordinates.    But  although 
the  transit  circle  has  this  advantage  in  practice,  I  propose  to  treat 
of  the  transit  instrument  and  mural  circle,  at  first,  as  separate 
instruments,  and  afterwards  to  consider  them  as  combined  to 
form  the  transit  circle.     This  course  is  adopted  for  the  sake  of 
simplicity  and  distinctness  in  exhibiting  the  principles  of  the 
Adjustments  and   Corrections  which  are  required  for  ensuring 
accuracy  in  taking  meridional  observations. 

8.  It  is  not  necessary  to  give  in  detail  the  description  of  an 
observatory  to  those  who   have   the   opportunity  any   day   of 
inspecting    the    Cambridge     Observatory.      This     institution, 
although  not  to  be  classed  with  national  observatories  like  that 
at  Greenwich,  fulfils  the  main  requisites  of  an  observatory  as 
respects  site,  rooms  appropriated  to  instruments  and  the  work 
of  calculation,  and  residences  for  observers,  and  in  being  furnished 
with  powerful  instruments  of  the  best  quality.     The  situation 
of  an  observatory  ought  to  be  such  as  to  present  no  obstacle  to 
pointing   a  telescope   to   a   celestial   object   whatever    be    its 
position  in  the  heavens1.     It  is,  however,  very  rarely  possible  to 
observe  satisfactorily  an  object  at  an  altitude  less  than  two 

1  The  Cambridge  Observatory  was  erected  in  1822-4,  one-third  of  the  cost 
being  obtained  by  subscriptions,  and  the  rest  granted  from  the  University 
Chest.  The  chief  promoters  of  the  undertaking  were  Professor  Woodhouse, 
Mr  Catton  of  St  John's  College,  and  Mr  Peacock,  afterwards  Lowndean  Pro- 
fessor. The  first  Director,  Professor  Woodhouse,  was  succeeded  in  1828  by 
Mr  Airy,  now  Astronomer  Royal,  whom  I  succeeded  in  1836.  The  present 
Director,  Professor  Adams,  was  appointed  in  1861.  The  site  of  the  Observatory 
sufficiently  fulfils  the  condition  of  commanding  an  unobstructed  view  of  the 
heavens  ;  but  occasionally  I  found  it  necessary  to  cut  off  the  tops  of  trees  in  the 
surrounding  plantations  to  secure  observations  of  certain  comets. 
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degrees,  on  account  of  the  disturbing  effects  of  refraction,  and 
the  prevalence  of  mists,  near  the  horizon. 

9.  When  the  Cambridge  Observatory  was  erected  it  was 
thought  necessary  to  arrange  that  the  telescope  of  the  transit 
instrument  should  be  capable  of  pointing  to  a  fixed  meridian 
mark,  and  accordingly  the  position  of  the  instrument  was 
determined  by  satisfying  this  condition  with  respect  to  a  mark 
on  the  tower  of  Gran tch  ester  church,  situated  to  the  south  of 
the  observatory  at  the  distance  of  about  2J  miles.  This  was 
done  for  a  first  approximation  by  bisecting  the  spire  of  the  tower 
by  the  middle  wire  of  the  telescope  of  a  small  transit  instru- 
ment, and  comparing  the  Sun's  transit  across  the  wire  with  true 
time  of  apparent  noon  brought  up  by  the  chronometer  used  for 
taking  the  transit  from  Mr  Catton's  observatory  at  St  John's  Col- 
lege. Nearer  approximations  were  made  by  transit  observations 
of  high  and  low  stars  with  the  same  small  instrument1.  Probably 
the  simplest  method  of  determining  the  position  of  the  piers  of 
a  transit  instrument,  the  telescope  of  which  is  required  to  point 
to  a  mark  in  a  given  position,  would  be  to  employ  a  theodolite, 
placed  a  little  to  the  north  or  south  of  the  mark,  as  an  alt- 
azimuth instrument  for  finding  by  the  method  of  equal  altitudes 
of  the  Sun  or  a  star  the  direction  of  the  meridian  passing 
through  the  mark.  Then  by  pointing  the  telescope  in  this 
direction,  and  depressing  it  to  the  horizon,  a  position  might  be 
fixed  upon,  such  that  if  the  piers  be  placed  equally  distant 
from  it  and  at  a  distance  from  each  other  suitable  for 
mounting  the  instrument,  and  if  their  azimuths  be  adjusted 
till  the  image  of  the  mark  is  seen  at  the  middle  of  the  field 
f  view  of  the  mounted  telescope,  the  required  conditions  will 
be  satisfied. 

In  the  actual  state  of  Practical  Astronomy  meridian  marks 
for  adjusting  instruments  in  the  meridian  can  be  dispensed 
with.  There  are,  however,  certain  purposes  (which  will  be 
subsequently  indicated),  for  which  they  may  occasionally  be 

1  This  statement  is  derived  from  the  "  account  of  the  transit  instrument 
made  by  Mr  Dollond,  and  lately  put  up  at  the  Cambridge  Observatory,"  given 
by  Professor  Woodhouse  in  the  Philosophical  Transactions  for  1825  (p.  419). 
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made  use  of.  The  use  of  the  Greenwich  marks  placed  by  Pond 
at  Blackwall  and  at  Chingford  was  discontinued  by  the  present 
Astronomer  Royal  in  18361. 

10.  The  account  given  in  Art.  9  of  methods  of  directing 
the  telescope  of  a  transit  instrument  to  a  meridian  mark  was 
scarcely  logical,  inasmuch  as  these  methods  depend  on  employ- 
ing astronomical  instruments  the  descriptions  of  which,  and  of 
the  modes  of  observing  with  them,  properly  belong  to  a 
subsequent  stage  of  the  Lectures.  If  it  were  required  to  draw, 
db  initio,  a  meridian  line  through  a  given  spot,  for  the  purpose 
of  marking  out  positions  for  the  piers  of  a  transit  instrument, 
this  might  be  done  by  setting  up  a  pole  vertically  at  the  spot, 
drawing  around  it  several  horizontal  circles,  and  noting  the 
points  of  coincidence  of  the  extremity  of  the  shadow  of  the  pole 
with  these  circles  before  and  after  noon.  Then  if  the  two 
points  on  each  circle  be  joined  by  a  chord,  the  mean  of  the 
directions  of  the  middle  points  of  the  chords  from  the  pole  will 
be  approximately  the  direction  of  the  meridian  line.  The 
experiment  would  be  best  made  about  midsummer,  when  the 
Sun's  diurnal  path  is  high,  and  the  change  of  Declination  small. 
This  process  would  probably  be  sufficiently  exact  for  a  first 
determination  of  the  azimuths  of  the  piers ;  and  also  for  fixing 
upon  the  position  of  a  near  meridian  mark  which,  by  being  put 
in  coincidence  with  the  focus  of  an  achromatic  compound  lens, 
might  by  the  intervention  of  this  lens  be  distinctly  seen  in  the 
transit-telescope.  A  meridian  mark  might  thus  be  set  up 
without  having  recourse  to  an  astronomical  instrument2. 

1  These  marks  are  both  on  the  north  side  of  the  Observatory,  that  at 
Blackwall  at  a  distance  of  about  two  miles,  and  that  at  Chiugford  "on  the 
Essex  hills  "  about  eleven  miles.     The  latter  on  account  of  its  distance  could 
rarely  be  seen,  and  the  sight  of  the  other  was  often,  prevented  by  ships  on  the 
Thames.     For  a  south  mark  Pond  had  recourse  to  a  small  transit-telescope 
used  as  a  Collimator  on  the  principle,  now  very  generally  adopted,  of  collimating 
with  two  telescopes  pointed  towards  each  other.     What  is  said  in  Woodhouse's 
Astronomy  (Vol.  i.  p.  84)  respecting  the  Greenwich  meridian  marks  is  altogether 
inaccurate.     (See  Pond's  Introduction  to  the  Greenwich  Observations  of  1834.) 

2  Admiral  Smyth  joined  to  this  method  of  viewing  a  meridian  mark  apparatus 
for  adjusting  the  position  of  the  mark  by  screws.    After  adjusting  it  to  the 
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11.  We   may   now   proceed  to   the   consideration   of  the 
optical  conditions  which  must  be  satisfied  by  the  telescope  and 
eye-pieces    of    an    astronomical    instrument   which    is   to   be 
employed  for  the  accurate  measurement  of  celestial  arcs.     The 
remarks  will  apply,  at  first,  only  to  refracting  telescopes.     The 
object-glass  of  a  Refractor  is  composed  of  two  lenses,  the  outer 
one  a  double  convex  lens,  and  the  inner  one  a  double  concave 
lens.     The  adjacent   surfaces   of  the  two  lenses  have  exactly 
equal  and   opposite   curvatures   and   generally   are   in   actual 
contact,  and  the  curvature  of  the  second  surface  of  the  concave 
lens  is  small  compared  to  that  of  the  first  surface.     The  outer 
lens  is  of  crown-glass,  the  other  of  flint-glass.     The  forms  and 
refractive  powers  of  the  glasses  are  such  as  satisfy,  as  far  as 
may  be,  the  conditions  of  correcting  both  spherical  aberration 
and  colour.     It  is  not  possible  with  two  lenses  completely  to 
correct  colour;   but  it  is  of  importance   to   remark   that  the 
residual  colour  is  least  injurious  when  it  has  a  purplish  tint, 
being   composed   of  rays  lying  towards  the  violet  end  of  the 
spectrum,  because  the  light  of  these  is  much  less  intense  than 
that  of  those  towards  the  red  end. 

12.  We   have   next  to  define  exactly  the  point  which  is 
called  the  optical  centre  of  the  object-glass,  on  the  existence  and 
position   of    which   the   purposes   to   which   the   astronomical 
telescope   is   applied   essentially   depend.      First,   it   must   be 
understood  that  the  axis  of  a  lens  is  the  straight  line  which, 
passing  through  its  middle  point,  cuts  the  two  surfaces  at  right 
angles,  and  that  the  axis  of  a  system  of  lenses  is  the  straight 
line  which  similarly  cuts  at  right  angles  the  two  surfaces  of 
each  of  the  components  of  the  system.     Now  by  Geometrical 
Optics  it  is  shewn  that  a  beam  of  light  diverging  from  a  point 
and  incident  on  the  whole  of  the  surface  of  any  lens  (i.  e.   a 
centrical  beam),  on  emerging  from  the  lens  very  approximately 
converges  towards,  or  diverges  from,  a  point  so  situated  that  the 
following  rule  holds  good :  The  straight  line  joining  this  point 

meridian  in  the  first  instance,  and  fastening  it  in  its  position,  to  prevent 
disturbance  the  screws  wore  withdrawn.  (Smyth's  Celestial  Cycle,  Vol.  i., 
p.  331.) 
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and  the  point  of  original  divergence  (which  may  be  called  the 
axis  of  the  beam)  cuts  the  axis  of  the  lens  at  a  certain  point 
which  is  very  approximately  the  same  for  all  small  inclinations 
of  the  former  axis  to  the  other.  This  point  is  the  optical  centre 
of  the  lens. 

13.  If  instead  of  being  divergent   the  incident   centrical 
beam   had   been  convergent,  its   axis  would  still  have  passed 
through  an  optical  centre.    Hence  in  the  case  of  the  combination 
of  two  lenses  in  juxtaposition,  such  as  those  which  form  the 
object-glass  of  an  astronomical  telescope,  there  will  be  an  optical 
centre  of  each  of  the  lenses,  the  centrical  beam  emerging  from 
the  first  lens  being  an  incident  centrical  beam  with  respect  to 
the  other.    But  these  centres  will  be  points  on  the  common  axis 
of  the  lenses  so  near  each  other,  that  for  small  inclinations  we  may 
suppose  without  sensible  error  that  the  axis  of  the  beam  incident 
on  the  first  lens,  and  that  of  the  beam  emergent  from  the  second, 
are  coincident  in  direction,  and  that  consequently  the  compound 
glass  has  an  invariable   optical   centre.    This  supposition   has 
not  been  found  by  experience  to  be   in   any  sensible  degree 
erroneous. 

14.  Analogous  considerations  are  applicable  when  a  centri- 
cal beam  is  incident  on  a  spherical  mirror,  whether  convex  or 
concave,  the  contour  of  which  is  a  circle.     For  a  mirror  of  this 
form,  the  centre  of  its  curvature  takes  the  place  of  the  optical 
centre  defined  in  Art.  12,  and  the  straight  line  joining  the  focus 
of  an  incident  beam  and  the  focus  of  the   same  beam   after 
reflection    passes    quam    proxime     through    that     centre    of 
curvature. 

15.  From  what  has  been  said  (Arts.  12  and  13)  respecting 
the  incidence  of  a  diverging  or  converging  beam  on  a  lens,  it  is 
evident   that   if  the   beam   be   conceived   to   be  composed  of 
indefinitely  small  pencils  of  light  and  we  select  one  of  them,  the 
straight  line  joining  the  focus,  actual  or  virtual,  of  this  pencil 
before  incidence,  and  the  focus,  actual  or  virtual,  of  the  same 
pencil   after  emergence,  will  equally  pass  through  the  optical 
centre  of  the  lens.     This  is  true  also  for  a  compound  lens  like 
the  object-glass  of  an  astronomical  telescope. 
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16.  Similarly  in  the  case  of  a  spherical  mirror,  the  straight 
line  joining  the  focus  of  an  incident  pencil  and  the  focus  of  the 
same  pencil  after  reflection  passes  through  the  centre  of  the 
spherical  surface. 

17.  Generally  the  two  lenses  of  an  object-glass  are  joined 
together,  and  the  compound  glass  is  put  in  position  in  the  tube 
of  the  telescope,  by  the  optician  once  for  all,  and  the  observer 
has  not  the  means  of  altering  the  adjustments.     Professor  Airy, 
who,  as  my  predecessor  at  the  Cambridge  Observatory,  designed 
and   superintended   the   mounting    of    the    telescope    of    the 
Northumberland   Equatorial,  provided  apparatus  whereby  the 
observer  could  himself  execute  the  adjustments  of  the  object- 
glass.    This  I  succeeded  in  doing  in  the  first  instance  by  myself, 
as  mentioned  in  p.  34  of  the  Astronomer  Royal's  "Account  of 
the    Northumberland    Equatoreal    and    Dome,"   which   forms 
Appendix  II.  of  the  Volume  of  Cambridge  Observations  for  the 
year  1843  (Vol.  XV).     Subsequently  (in  1848),  having  occasion 
to  take  out  the  two  glasses  for  the  purpose  of  cleaning  them 
(which  the  above-mentioned   apparatus   allowed   of   doing),   I 
called  in  the  assistance  of  Mr  Simms  for  replacing  them,  and 
had   the  opportunity  of  witnessing,  and  taking   part   in,   the 
whole  operation.     Considering  that  an  account  of  the  process 
might  be  generally  useful  to  practical  astronomers,  as  indicating 
means   of    testing,   or    judging   of,   the   performance   of  their 
telescopes,  I  thought  it  might  be  appropriately  given  in  detail 
in  this  Introduction. 

18.  The  mechanism  of  the  apparatus  was  arranged  so  as 
to   enable   the   observer   to  execute  three  movements  by   the 
intervention  of  iron  rods  extending  from  the  object-glass  to  the 
iye-end  of  the  telescope,  giving  the  means,  at  the  same  time 
that  the  movements  were  produced,  of  seeing  the  effects  they 
had  on  the  image  of  a  bright  star.     These  movements  were  (1) 

rotation  of  the  crown-glass  lens  about  the  axis  of  the  telescope 
for  the  purpose  of  observing  the  effects  of  different  relative 
positions  of  the  surfaces  of  the  two  lenses,  and  choosing  that 
which  appeared  to  give  the  best  effect  as  to  definition ;  (2)  a 
tilting  of  the  whole  object-glass  in  any  required  direction,  by 
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turning  three  screws  tapped  in  projections  from  the  object-glass 
cell  and  holding  it  in  position ;  (3)  motions  of  translation,  in 
two  directions  at  right  angles  to  each  other,  of  the  crown-glass 
lens  relatively  to  the  flint-glass  lens  for  the  purpose  of  centering 
the  lenses.  The  mechanical  means  of  producing  these  move- 
ments being  provided,  the  process  of  adjusting  the  object-glass 
is  such  as  follows. 

\      19.     First  the  image  of  a  bright  star  (as  Arcturus)  is  looked 
at  with  the    eye-piece  well  adjusted  to  focus  in  order  to  see 
whether  there  is  a  determination  of  the  light  of  the   image 
towards   one   direction.      If    so,   the   appearance    (technically 
called   a   tail)    has  to  be  corrected  tentatively  by   tilting  the 
object-glass.      The  rule  is,  that  if  the  tail  is  towards  the  left 
hand,  the  object-glass  requires  to  be  thrown  off  on  the  right 
hand.     The  tail  being  thus  corrected,  the  image  is  next  looked 
at  much  out  of  focus  by  pushing  in,  or  drawing  out,  the  eye- 
piece a  considerable  distance  from  its  normal  position.     There 
will  then  be  seen  in  the  midst  of  a  confused  coloured  image 
a  line  of  light  of  the  nature  of  a  caustic  formed  by  the  inter- 
section  of  rays  of  different   refrangibilities.     This   caustic  is 
required  to  be  an  exact  circle,  and  if  it  be  of  any  other  form,  it 
must  be  brought,  as  nearly  as  may  be  possible  by  the  judgment 
of  the  eye,  to  the  circular  form  by  the  rectangular  transverse 
movements  of  the  crown-lens  upon  the  flint-lens.     After  this 
has  been  done  and  the  image  is  looked  at  in  focus,  there  should 
be  a  well-defined  point  from  which  the  light  of  the  image  is 
radiated  in  all  directions,  or  about  which  concentric  bright  rings 
are  formed.     The  rings  are  more  conspicuous  the  smaller  the 
telescope,  and  in  one  so  large  as  the  Northumberland  telescope, 
(of  llf  inches  aperture)  they  are  scarcely  noticeable,  while  the 
radiations  in  the  case  of  bright  stars  are  very  intense.     These 
spurious  optical  effects,  the  theory  of  which  does  not  appear  to 
be  well  understood,  do  not  sensibly  interfere  with  fixing  upon 
the  central  point  of  the  image  for  bisection.     It  is  advisable, 
after  proceeding  so  far,  to  turn  again  the  crown-glass  about  the 
axis  of  the  telescope  in  order  to  choose  the  relative  position  of 
the  glasses  most  favourable  for  good  definition,  and  then  with  the 
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glasses  in  the  selected  position  to  repeat  the  processes  of  tilting 
and  centering  for  a  final  adjustment.  This,  if  I  remember 
rightly,  was  the  course  we  adopted  in  adjusting  the  object-glass 
of  the  Northumberland  telescope.  Very  little  optical  effect  was 
discernible  by  causing  the  crown-glass  to  revolve  relatively  to 
the  other. 

20.  The  principal  eye-pieces  of  the  astronomical  telescope 
are  Huyghens's,  or  the  Negative  eye-piece,  and  Ramsden's,  or 
the  Positive  eye-piece.     Occasionally  use  is  made  of  an  Erecting 
eye-piece,  and  a  Diagonal  eye  piece.     I  shall  not  consider   it 
necessary   to    give    in    these    Lectures    mathematical    details 
respecting   the   forms  and  arrangement   of  the  lenses  of  eye- 
pieces, this  part  of  the  subject  being  fully  treated  of  in  standard 
works  on  Geometrical  Optics1.     It  will  suffice  for  my  purpose 
to  make  only  the  following  remarks. 

21.  Huyghens's  eye-piece  is  sometimes  called  "  the  Achro- 
matic eye-piece,"  because  the  condition  of  achromatism  is  very 
approximately   fulfilled  when,   as   is   practically  the  case,  the 
directions  of  the  pencils  are  nearly  parallel  to  the  common  axis 
of  the  two  lenses.     This  eye-piece  is,  consequently,  suitable  for 
examining   and   recording   the   physical   features   of    celestial 
objects,  and,  in  fact,  is  generally  employed  for  that  purpose ; 
but  because  the  image  of  the  object  is  formed  between  the 
lenses,  it  is  not  one  that  can  be  adapted  to  taking  observations 
which  require  measures  of  time  or  space.    For  such  observations 
the  observer  must  be  able  to  see  distinctly,  in  coincidence  with 
the  optical  image  of  the  celestial  object,  fine  wires,  or  threads, 
stretched  across  a  stop  fixed  in  the  telescope-tube  and  limiting 
the  field  of  view,  and  also  the  edges  of  the  stop  which  form  the 
boundary  of  the  field.     This  condition  can  be  satisfied  by  a 
Ramsden's  eye-piece,  the  image  formed  by  the  telescope's  object- 
glass  being  situated  close  to  the  inner  glass  of  the  eye-piece  on 
the  side  towards  the  object-glass,  and  being  distinctly  visible  in 

1  The  requisite  mathematical  investigations  relating  to  lenses  and  mirrors 
are  well  given  in  Coddington's  Treatise  on  Optics,  Part  I.,  and  the  parts  and 
uses  of  various  kinds  of  telescopes  and  eye-pieces  are  fully  described,  with 
accompanying  figures,  in  Chapter  ix.,  Part  II.,  of  the  same  work. 
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that  position  by  adjusting  the  eye-piece  to  focus.  Accordingly 
this  arrangement  allows  of  seeing  the  image  of  the  celestial 
object  in  coincidence  with  wires  or  diaphragms,  at  the  geo- 
metrical focus  of  the  object-glass,  adapted  for  taking  the  desired 
astronomical  measures.  Ramsden's  eye-piece  is  not  achromatic 
like  Huyghens's;  if,  however,  care  be  taken  to  look  at  the 
image  or  wire  as  nearly  as  may  be  in  the  direction  of  the 
optical  axis,  all  injurious  appearance  of  colour  due  to  the  eye- 
piece is  got  rid  of.  To  enable  the  observer  to  do  this  the  eye- 
piece is  carried  by  a  slide  movable  in  grooves  laterally  by 
hand,  and  can  thus  be  placed  exactly  opposite  the  wire  or 
image  looked  at.  By  this  contrivance  the  extent  of  the  field  of 
view  is  in  effect  enlarged,  and  the  image  can  be  seen  distinctly 
during  the  whole  of  its  transit  across  the  field  defined  by  the 
stop. 

22.  The  erecting  eye-piece,  consisting  of  four  glasses,  is 
generally  used  with  telescopes  intended  chiefly  for  looking  at 
terrestrial  objects.     The  way  in  which  it  has  been  modified  for 
converting  a  telescope  into  a  double-image  micrometer  will  be 
taken  notice  of  in  the  course  of  these  Lectures. 

23.  A  diagonal  eye-piece  is  furnished  with  a  plane  metallic 
reflector  inclined  at  an  angle  of  45°  to  the  optical  axis  of  the 
telescope  for  the  purpose  of  changing  the  direction  of  vision 
through  90°.     The  two  lenses  of  this  eye-piece  are  placed  at  the 
ends  of  a  broken  tube  consisting  of  two  straight  parts  at  right 
angles  to  each  other,  and  the  reflector  is  at  the  angle  of  their 
junction.    By  these  means  the  observer  is  able  to  get  sight  of  an 
object  under  circumstances  in  which  the  parts  of  the  instrument 
may  not  allow  of  his  looking  directly  along  the  axis  of  the  tele- 
scope.    An  eye-piece  of  this  kind  is  mostly  required  for  small 
portable  instruments.     In  some  cases  of  the  mounting  of  an 
equatorial  it  is  needed  for  looking  at  the  Pole  star. 

24.  I  propose  to  conclude  this  Introduction  with  giving 
some   account   of   works   on   Practical    Astronomy   to    which 
the    student    might    have    recourse    for   information    on   the 
subject  as  a  whole,  or  on  particular  parts  of  it.     It  is  hoped 
that  the  list,  although  it  has  no  pretension  to  be  considered 
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complete,  may,  with  the  accompanying  remarks,  be  found  to  be 
useful. 

(1)  Woodhouse's  Treatise  on  Astronomy  Theoretical  and 
Practical.     A  new  Edition.     Cambridge :  Vol.  I.  Part  I  (1821) 
and  Part  II.  (1824).    Part  I.  treats  of  the  Fixed  Stars,  and  Part 
II.   gives   the   Theories   of  the   Sun,  Moon,    and  Planets,  as 
founded  on  Kepler's  Laws.   [Yol.  II.,  published  in  1818,  contains 
exclusively  Physical  Astronomy.]     The  principles  involved  in 
making  Astronomical  Observations,  and  in  reducing  them  for 
subsequent  use,  are  clearly  stated  in  this  work;  but  the  accounts 
of  Astronomical  Instruments,  and  of  the  methods  of  observing, 
fall  much  behind  the  improved  state  of  Practical  Astronomy  at 
the  present  time.     In  Chapter  xxxvm.  (p.  754)  there  is  given 
an  investigation  of  formula)  for  calculating  the  Sun's  Parallax 
from  observations,  according  to  Halley's  method,  of  a  transit 
of  Venus  over   the   Sun's   disk,  with   application  to   that   of 
1769. 

(2)  Pearson's  Introduction  to  Practical  Astronomy.     Lon- 
don :  printed  for  the  Author.    Vol.  I.  (1824)  and  Vol.  II.  (1829), 
of  quarto  size,  with  a  volume  of  Plates.     The  first  volume  con- 
sists of  Tables  computed  for  facilitating  the  Reduction  of  Celestial 
Observations,  with  explanations  of  their  construction  and  use. 
The  second  volume  contains  "descriptions  of  the  various  Instru- 
ments that  have  been  usefully  employed  in  determining  the 
places  of  the  heavenly  bodies,  with  an  account  of  the  methods 
of  adjusting  them  and  using  them."   The  descriptions  of  Instru- 
ments, fixed,  portable,  and  auxiliary,  are  illustrated  by  nume- 
rous Plates,  and,  regard  being  had  to  the  date  of  the  publica- 
tion, are  very  complete. 

(3)  Coddington's  System  of  Optics.     Cambridge  :  Part  I. 
(1829)  and  Part  II.   (1830).      The  first  Part  is  entitled  "A 
Treatise  on  the  Reflexion  and  Refraction  of  Light,"  and,  as  the 
author  acknowledges,  "contains  the  substance  of  Professor  Airy's 
Papers  on  the  Achromatism  and  the  Spherical  Aberration  of 
Eye-pieces,  published  in  the  Cambridge  Philosophical  Transac- 
tions."   Part  II.,  which  consists  for  the  most  part  of  applications 
of  mathematical  results  obtained  in  the  first  part,  and  is  illus- 
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trated  with  excellent  engravings,  gives  much  information  useful 
to  the  practical  astronomer.     (See  foot-note  to  Art.  20.) 

(4)  "  Six  Lectures  on  Astronomy,  delivered  at  the  Temper- 
ance Hall,  Ipswich,  in  the  month  of  March,  1848,"  by  George 
Biddell  Airy,  Astronomer  Royal.     London:  1849,2nd  Edition. 
These  Lectures,  remarkable  as  respects  the  method  and  clear- 
ness  of  the   explanations,    seem   to  prove   the   possibility   of 
conveying  a  large  amount  of  astronomical  information,  practical, 
theoretical,  and  physical,  to  an  audience   not  possessing  the 
advantage  of  a  mathematical  education. 

(5)  "Plane  Astronomy,  including  explanations  of  Celestial 
Phenomena  and   descriptions   of    the   principal   Astronomical 
Instruments/'  Part  I.     By  the  Rev.  A.  R.  Grant,  Fellow  and 
Assistant  Tutor  of  Trinity  College  (Cambridge  :   1850).     This 
work,  of  which  only  Part  I.  was  published,  is  mentioned  here 
as  containing  a  good  account  of  the  striding  spirit-level,  and  of 
the  principles  on  which  its  indications  of  level  depend. 

(6)  "History  of  Physical  Astronomy  from  the  earliest  ages 
to  the  middle  of  the  nineteenth  century."     By  Robert  Grant, 
F.R.A.S.     Loodon:  1852.     Although  the  History  is  devoted 
mainly  to  Physical  Astronomy,   some  portions   of  the   work, 
especially  Chapters  xvm — XXL,  consist  of  historical   notices 
respecting  successive  advances  made  in  the  construction  and 
use  of  Astronomical  Instruments,  and  the  additions  to  Astrono- 
mical Science  thereby  effected.  These  notices,  which  I  shall  take 
occasion  to  refer  to  in  the  course  of  the  Lectures,  are  particu- 
larly interesting  as  indicating  how  the  foundation  of  Physical 
Astronomy  has  been  laid  in  the  results  obtained  by  Observational 
Astronomy,  and  by  what  means,  in  proportion  as  theoretical 
calculations  made  on  the  hypothesis  of  universal  gravitation 
called  for  observations  in  greater  number  and  of  greater  ac- 
curacy, the  demand  was   met  by  improved   instruments  and 
modes  of  observing,  and  by  a  diligent  and  intelligent  use  of 
the  apparatus  provided  by  the  skill  of  the  instrument-maker 
for  taking  exact  observations. 

(7)  "An  Introduction  to  Practical  Astronomy,  with  a  col- 
lection of  Astronomical  Tables."     By  Elias  Loomis,  LL.D.,  Pro- 
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fessor  of  Mathematics  and  Natural  Philosophy  in  the  University 
of  the  city  of  New  York.  New  York  :  1855.  In  Chapters  X. 
and  XI.  of  this  treatise  are  given  at  considerable  length  inves- 
tigations of  rules  for  calculating  Eclipses  of  the  Moon,  Eclipses 
of  the  Sun,  and  Occultations  of  Stars  by  the  Moon,  accompanied 
by  examples  of  the  application  of  the  rules.  In  an  example  of 
the  calculation  of  the  beginning  and  end  of  a  Solar  Eclipse,  and 
in  two  examples  of  the  calculation  of  the  time  of  an  occultation, 
Bessel's  method  of  computation  is  adopted,  and  the  arithmetical 
details  are  fully  exhibited. 

(8)  Briinnow's  Spherical  Astronomy,  translated  by  the  Kev. 
Robert  Main,  M.A.,  F.R.S.,  Radcliffe  Observer  at  Oxford.     Part 
I.,  including  the  Chapters  on  Parallax,  Refraction,  Aberration, 
Precession  and  Nutation.     Cambridge  :   1860.     Mr  Main  did 
not  produce  a  translation  of  the  remainder  of  the  work.     The 
whole,  as  translated  into  English  by  the  author  himself,  will 
presently  be  remarked  upon. 

(9)  "Practical  and  Spherical  Astronomy,  for  the  use  chiefly 
of  Students  in  the  Universities."     By  the  Rev.  Robert  Main. 
Cambridge :   1863.      Chapter  II.  of  this  publication  treats  of 
Instruments  and  corrections  of  instrumental  errors,  and  having 
been  composed  by  an  author  who  has  had  large  experience  in 
Practical  Astronomy,  may  be  depended  upon  as  being  free  from 
inaccuracies  and  defects  which  would  seem  to  be  inevitable 
when  the  writer  has  had  no  practice  in  the  use  of  astronomical 
instruments.     The  major  part  of  the  work  is  devoted  to  Spheri- 
cal Astronomy  and  deductions  from  Kepler's  Laws  of  Planetary 
Motion.     The  department  of  Practical  Astronomy  might,  as  it 
seemed  to  me,  as  respects  both  the  actual  state  of  the  science,  and 
the  reading  of  Cambridge  mathematical  students,  receive  with 
advantage  fuller  and  more  extensive  treatment. 

(10)  "An  Introduction  to  Plane  Astronomy,  for  the  use  of 
Colleges  and  Schools."     By  Philip  Thomas  Main,  M.A.,  Fellow 
of  St   John's  College,  Cambridge.      Cambridge:  1865.     This 
elementary  work,  which,  as  to  arrangement,  follows  the  above- 
mentioned  treatise  on  Practical  and  Spherical  Astronomy  by  Mr 
Main's  father,  seems  well  adapted  to  answer  the  purpose,  intended 
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by  the  author,  "of  a  text-book  for  that  part  of  the  subject  which 
is  required  in  the  first  three  days  of  the  Examination  for 
Mathematical  Honours." 

(11)  Spherical  Astronomy.  By  F.  Brunnow,  Ph.  Dr.,  trans- 
lated by  the  author  from  the  second  German  edition.     London, 
Asher  and  Co.,  1865.     The  first  edition  was  the  one  translated 
in  part  by  Mr  Main,  as  mentioned  above  (No.  8).     Previous  to 
Dr  Brunnow's  translation  of  the  second  edition,  the  work  had 
been  "considerably  enlarged."      As  its  title  implies,  it  treats 
of  Spherical  Astronomy  apart  from  physical  considerations,  and 
makes  no  reference  to  Kepler's  Laws.     In  the  seventh  and  last 
section,  Practical  Astronomy  is  included  under  the  head  of 
"  Theory  of  the  Astronomical  Instruments."   Although,  as  being 
a  German  work,   it  differs  in  composition   and   details   from 
English  treatises  on  the  same  subjects,  it  contains  much  that 
the  English  astronomer  might  derive  advantage  from. 

(12)  "A  Treatise  on  Astronomy  for  the  use  of  Colleges  and 
Schools."  By  Hugh  Godfray,  M.A.,  of  St  John's  College.    Cam- 
bridge and  London :  1866.     The  purpose  of  this  publication  is 
of  the  same  kind  as  that  already  mentioned  relatively  to  No. 
10;  but  as  it  takes  in  a  wider  range  of  subjects,  "  embracing 
all  those  branches  of  astronomy  which  have,  from  time  to  time, 
been  recommended  by  the  Board  of  Mathematical  Studies,"  it 
is  suitable  for  the  reading   of   Candidates   for   Mathematical 
Honours  who  are  preparing  for  the  Examination  in  the  last 
five  days.     The  descriptions  in  Chapter  II.  of  the  construction 
of  clocks  for  astronomical  use,  and  the  account  given  at  the 
end  of  Chapter  VI.  of  the  principle  of  Rochon's  Double  Image 
Crystal  Micrometer,  may  be  mentioned  as  conveying  informa- 
tion not  usually  met  with  in  elementary  treatises  on  Astronomy. 

(13)  "A  Hand-book  of  Descriptive  and  Practical  Astro- 
nomy," London:  1861,  and  "Descriptive  Astronomy,"  Oxford, 
at  the  Clarendon  Press:  1867.  By  George  F.  Chambers,  F.RA.S. 
These  two  works,  the  contents  of  which  are  partly  identical,  the 
second  being  mainly  an  expansion  of  the  first,  convey  a  very 
large  amount  of  miscellaneous  astronomical  information.     In 
the  first,  the  subject  of  Book  VIII.  is  "Astronomical  Instru- 
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ments,"  and  in  the  other  the  subject  of  Book  VIL,  consisting 
of  nine  Chapters,  is  "Practical  Astronomy."  These  two  volumes 
are  remarkable  for  containing  a  very  large  number  of  carefully 
executed  diagrams,  and  illustrative  representations  of  celestial 
objects,  amounting  in  the  first  to  160,  and  in  the  later  volume 
to  224. 

(14)  "A  Manual  of  Spherical  and  Practical  Astronomy : 
embracing  the  general  problems  of  Spherical  Astronomy,   the 
special  applications  to  Nautical  Astronomy,  and  the  theory  and 
use  of  fixed  and  portable  Astronomical  Instruments;  with  an 
appendix  on  the  method  of  least  squares."     By  William  Chau- 
venet,  Professor  of  Mathematics  and  Astronomy  in  Washington 
University,  Saint  Louis.    Volumes  I.  and  II.    Philadelphia  and 
London:  1863.     The  first  volume  contains  "Spherical  Astro- 
nomy;" the  other  "the  theory  and  use  of  Astronomical  Instru- 
ments" and  "the  method  of  least  squares."     The  contents  of 
the  two  volumes  form  a  complete  Treatise  on  Observational 
Astronomy,  properly  making   no    mention   of  Kepler's  Laws. 
The  American  method  of  recording  transits  by  the  intervention 
of  a  galvanic  circuit  is  described  in  Arts.  71 — 77  of  Vol.  II. 
The  appendix  to  Vol.  II.,  consisting  wholly  of  a  very  elaborate 
discussion  of  the  method  of  least  squares,  occupies  not  less  than 
ninety  pages. 

(15)  "A  Treatise  on  the  Principal  Mathematical  Instru- 
ments   employed    in    Surveying,    Levelling,   and    Astronomy, 
explaining  their  construction,  adjustments,  and  use;   with  an 
Appendix  and  Tables."     By  Frederick   W.   Simms,   F.R.A.S., 
F.G.S.,  Civil   Engineer.     8th  edition.  Troughton   and   Simms, 
138  Fleet  Street,  London:  1850.     This  publication  is  entirely 
of  a  practical  character,  giving  very  useful  information  respecting 
the  construction  and  manipulation  of  the  various  instruments 
employed   in   surveying   and  levelling.     It  does  not,  however, 
describe  the  form   of  theodolite  which,  as  constructed  by  Mr 
James  Simms  of  Fleet  Street,  is  now  in  general  use  for  Trigono- 
metrical  Surveys.     I    shall   have   occasion   to   speak    of    this 
serviceable   instrument   in   the   course  of  the  Lectures.     The 
instruments   referred   to  in   the   title   of   the   work   as  being 

c.  2 


18  PRACTICAL   ASTRONOMY. 

employed  in  Astronomy  are  those  of  a  portable  kind,  as  the 
sextant,  the  reflecting  circle,  the  portable  transit,  and  the 
portable  altitude  and  azimuth  instrument.  The  subject  of  the 
Appendix  is,  Protracting  and  PlottiDg,  &c.,  in  surveys,  and  the 
instruments  employed  for  such  purposes. 

(16)  In  addition  to  the  sources  of  information  indicated 
in  the  foregoing  list,  there  are  some  others  which  may  properly 
be  adverted  to  here.  Herschel's  "  Outlines  of  Astronomy "  is 
principally  devoted  to  Physical  Astronomy ;  but  Chapters  I.,  II., 
III.,  of  this  work,  as  well  as  "  The  Introduction  to  Astronomy" 
by  the  same  author,  forming  a  Volume  of  Lardner's  Cabinet 
Cyclopaedia  (1833),  treat  of  Practical  Astronomy,  and  may  be 
read  with  advantage.  The  Articles  "  Mural  Circle "  and 
"Equatoreal"  in  the  Penny  Encyclopaedia,  written  by  Richaid 
Sheepshanks,  an  experienced  astronomer,  although  they  are  brief, 
are  intelligible  and  much  to  the  purpose,  especially  that  on  the 
Equatorial.  The  Introductions  to  the  Cambridge  Observations 
of  1836  and  1837  describe  in  detail  the  methods  of  observing 
with  the  meridian  instruments  of  the  Cambridge  Observatory, 
and  the  Introduction  to  the  Volume  for  1838  contains  an 
account  of  the  adjustments  of  the  Northumberland  Equatorial 
and  the  uses  of  its  mechanical  appliances.  Information  deriva- 
ble from  all  the  different  sources  that  have  now  been  mentioned 
would  be  amply  sufficient  for  the  Cambridge  student,  as  far  as 
regards  the  educational  effect  of  a  knowledge  of  this  department 
of  science ;  but  if  he  desires  to  pursue  the  subject  beyond  the 
requirements  of  a  university  examination,  and  to  acquire  a 
thorough  acquaintance  with  the  successive  modern  improve- 
ments in  the  construction  of  instruments,  the  modes  of  observing, 
and  the  reductions  of  the  observations,  he  cannot  do  better  than 
have  recourse  to  the  Volumes  of  Greenwich  Observations 
published  in  the  interval,  beginning  at  1811,  during  which  the 
Eoyal  Observatory  has  been  under  the  direction  of  Pond  and 
his  immediate  successor,  the  present  Astronomer  Royal.  Of 
the  principal  instruments  in  actual  use  at  Greenwich,  descrip- 
tions, copiously  illustrated  by  plates,  are  given  in  several  of  the 
Annual  Volumes,  as  here  indicated  :— 
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The  Altitude  and  Azimuth  Instrument  is  described  in  pp.  iv 
— xvi  of  the  Introduction  to  the  Volume  of  Observations  of 
1847,  the  plates  being  at  the  end  of  the  Introduction,  and  a 
perspective  view  of  the  instrument  (taken  from  the  "  Illustrated 
News"  for  the  week  ending  Oct.  2,  1847,  p.  221)  forming  a 
frontispiece  to  the  Volume. 

The  descriptions  of  the  Transit  Circle,  the  Reflex  Zenith  Tube, 
and  the  Great  Equatorial,  with  the  plates,  constitute  respectively 
Appendix  I.  to  the  Volume  for  1852,  Appendix  I.  to  that  for 
1854,  and  Appendix  III.  to  the  one  for  1868. 

A  history  and  description,  with  figures,  of  the  Water 
Telescope  (which  there  will  subsequently  be  occasion  to  speak 
of)  are  given  in  the  Introduction  to  the  Volume  for  1871,  pp. 
cxix — cxxxii.  This  instrument,  mounted  for  a  special  purpose, 
is  no  longer  required  for  use  \ 

From  the  consideration  I  have  given  to  the  contents  of  the 
elementary  works  on  Practical  Astronomy  used  as  text-books,  I 
have  come  to  the  conclusion  that,  while  other  parts  of  the 
subject  have  been  satisfactorily  handled,  there  is  generally  a 
want  of  precision  and  completeness  as  respects  the  principle  and 
uses  of  the  collimating  eye-piece,  and  the  adjustments  and 
calculations  relating  to  equatorial  observations.  These  faults  I 
shall  endeavour  to  rectify  by  explanations  given  in  the  course 
of  the  Lectures. 


25.  PRACTICAL  ASTRONOMY  may  be  regarded  as  including 
whatever  is  directly  effected  by  means  of  INSTRUMENTS  adapted 
for  observations  of  celestial  objects.  Lectures  on  this  subject 
ought  therefore  to  give  an  account  (1)  of  the  instruments,  as  to 
the  modes  of  mounting  them,  their  component  parts,  and  the 
purposes  for  which  the  different  parts  were  designed  ;  (2)  of  the 
adjustments  that  are  required  to  be  either  actually  or  virtually 

1  A  plan  of  the  buildings  and  grounds  of  the  Greenwich  Observatory  (1863, 
August),  with  explanation  and  history,  forms  Appendix  II.  to  the  Observations 
of  1862. 
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effected  before  the  instruments  are  used  for  taking  observations  ; 
(3)  of  the  methods  of  exact  observation ;  (4)  of  the  calculations 
that  are  proper  for  making  the  immediate  results  of  observation 
available  for  the  intended  purposes.  The  Lectures  on  each 
principal  instrument  will  be  given,  both  as  to  order  and  matter, 
in  conformity  with  these  four  divisions. 

THE  TRANSIT  INSTRUMENT. 

26.  A  Transit  Instrument  is  specially  employed  for  record- 
ing the  times,  as  shewn  by  a  regulated  Astronomical  Clock,  of 
the  passage  of  a  celestial  object  across  the  meridian  of  a  given 
spot,  and  its  construction  and  mounting  are  arranged  so  as  to 
be  suitable  for  fulfilling  this  purpose. 

I.      DESCRIPTION   OF    THE    PARTS    AND    MOUNTING   OF    THE 
INSTRUMENT. 

27.  The  telescope  is  furnished  with  an  achromatic1  object- 
glass,  and  a  set  of  Ramsden's  eye-pieces,  and  attached  to  the 
middle  part  of  its  tube  there  is  a  transverse  axis,  the  ends  of 
which  are  formed  into  cylindrical  pivots.     When  the  telescope 
is  mounted  these  pivots-  rest  in  two  grooves,  usually  called  Y's, 
formed   by  two   intersecting  planes,  and   inserted,   with   their 
angles  vertically  downwards,  into  the  two  piers  which  support 
the  instrument.     In  the  model  represented  by  Figure  1,  a,  a 
are  the  piers,  5,  b  the  two  arms  of  the  transverse  axis,  c,  c  the 
positions  of  the  pivots  resting  in  their  Y's,  d  the  object-end  and 
e  the  eye-end  of  the  telescope  tube,  and/, /are  the  positions  of 
two  microscopes  pointing  towards  the  ends  of  the  pivots,  to  be 

1  In  many  of  Dollond's  telescopes,  the  achromatic  object-glass  was  composed 
of  three  lenses.  The  improvement  as  to  achromatism  effected  by  the  third  lens 
being  found  not  to  compensate  for  the  additional  loss  of  light,  object-glasses  of 
two  lenses  are  now  universally  adopted.  The  object-glass  of  the  Dollond  tele- 
scope of  the  Cambridge  Transit  Instrument  consists  of  two  lenses ;  that  of  the 
equatorially  mounted  46-in.  Dollond  had  originally  three  lenses,  but  in  conse- 
quence of  two  of  the  lenses  having  been  accidentally  broken,  it  was  replaced  by 
a  two-lens  object-glass. 
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used  for  a  purpose  which  will  be  indicated  under  the  head  of 
Division  III.  The  piers  are  usually  of  massive  stone,  resting  on 
a  firm  foundation  in  the  ground,  and  sometimes  on  a  common 


slab.     They  are  found  to  be  steadier  when  the  sub-stratum  is 
sand  than  when  it  consists  of  clay  or  rock. 

28.  Supposing  the  pivots,  as  first  turned,  to  be  exactly 
cylindrical,  whatever  material  they  are  made  of  the  friction 
between  them  and  the  Y's  must  in  some  degree  produce  con- 
tinual deviation  from  that  form,  the  use  of  the  instrument  being 
such  that  the  surfaces  of  the  pivots  are  not  equally  worn  at  all 
points.  The  observer  ought,  therefore,  to  have  the  means  of 
testing  from  time  to  time  the  cylindrical  form  of  the  pivots,  and 
of  correcting  any  error  by  which  the  observations  may  be  affected 
in  consequence  of  change  of  form.  Unless  this  can  be  done  the 
logic  of  the  use  of  the  transit  instrument  is  not  perfect.  The  form 
of  the  pivots  may  to  a  certain  extent  be  tested  by  making  use 
of  a  striding  spirit-level,  and  applying  the  Y's  of  its  feet  to 
the  pivots  in  a  manner  that  will  be  indicated  under  Division  II. 
If  on  applying  the  level,  its  readings  undergo  no  change  while 
the  instrument  is  turned  through  a  complete  revolution  about 
its  axis,  we  may  conclude  that  both  the  pivots  are  cylindrical, 
whether  or  not  they  are  equal,  excepting  in  the  very  improbable 
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case  of  the  alterations  of  form  being  so  exactly  alike  that  their 
effect  is  merely  a  change  of  position  of  the  level  without  change 
of  its  inclination  to  the  horizon.  This  experiment,  however, 
cannot  be  completely  made,  because  there  is  a  considerable 
angular  range  of  the  pointing  of  the  telescope  through  which 
its  tube  prevents  application  of  the  striding  level  to  the  pivots. 
The  level-readings  may  still  be  adequate  to  determine  whether 
the  pivots  change  form,  and  to  some  extent  may  furnish  data 
for  calculating  the  amount  of  change.  But  in  Division  III.  it 
will  be  shewn  how  this  source  of  error  may  be  completely  got 
rid  of  by  optical  means.  At  present  it  is  sufficient  to  remark 
that  under  all  circumstances  it  is  desirable  to  diminish  the 
friction  between  the  pivots  and  the  Y's  by  taking  off  some  of 
the  weight  of  the  instrument. 

29.  This  is  done  by  means  of  Counterpoises,  acting  either 
by  leverage  or  by  steel  springs.  The  counterpoises  of  the  Cam- 
bridge Transit  Instrument  were  originally  of  the  former  kind, 
one  end  of  the  lever,  in  the  form  of  a  Y,  pressing  upwards 
against  a  collar  adjacent  to  the  pivot,  and  the  other  end  carry- 
ing a  box  containing  shot  to  allow  of  regulating  the  weight. 
Under  this  arrangement  it  was  possible  the  instrument  might 
happen  to  be  sustained  by  resting  partly  on  a  face  of  the  Y  of 
the  counterpoise,  and  partly  on  a  face  of  a  Y  of  the  pier ;  which 
I  once  discovered  to  be  actually  the  case1.  On  account  of  the 
unsatisfactory  action  of  these  counterpoises  I  afterwards  substi- 
tuted for  them  spring-counterpoises  fastened  to  the  inner  faces 
of  the  piers,  and  pressing  upwards  on  collars  near  the  pivots  by 
means  of  friction -wheels.  The  Transit  Circle  of  the  Cambridge 
Observatory  (which  occupies  the  place  of  the  original  Transit 
Instrument)  has  lever-counterpoises  acting  similarly  by  means  of 
friction-wheels,  but  in  place  of  springs  the  wheels  are  sustained 
by  rods  resting  on  arms  of  the  levers,  the  opposite  arms  carrying 


1  The  lever-counterpoises  might  have  the  sustaining  Y  at  the  lower  extremity 
of  a  bar  hanging  from  the  end  of  one  arm  of  the  lever,  the  weight  being 
adjustible  on  the  other  arm.  (See  the  Figure  in  p.  45  of  Mr  Godfray's  Treatise 
on  Astronomy.) 
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the  weights,  and  the  levers  passing  through  holes  in  the  piers 
nearly  on  a  level  with  the  floor  of  the  room. 

30.  Figure  2  represents  any  section  of  a  Kamsden's  eye- 
piece by  a  plane  through  its  axis,  together  with  the  course  in 
that  plane  of  a  pencil  of  rays  converging  from  the  object-glass 
to  the  focus  r.  If  this  focus  be  the  position  of  any  point  of  a 


Fig.  2. 


Fig.  3. 


wire,  or  diaphragm,  situated  in  the  transverse  plane  coincident 
with  the  stops  ss  which  limit  the  field  of  view,  the  figure  shews 
how  by  means  of  the  two  lenses  the  eye  at  E  sees  distinctly  the 
point  of  the  wire  at  r,  and  in  coincidence  with  it  the  image  of 
the  celestial  object  from  which  the  pencil  of  rays  originally 
proceeded.  Figure  3  exhibits  the  sliding-piece  in  grooves,  men- 
tioned in  Art.  21,  which  carries  the  eye-piece,  and  by  being 
shifted  horizontally,  enables  the  observer  to  see  distinctly 
through  an  aperture  at  c  the  image  of  a  star  or  other  celestial 
object  in  successive  positions  during  its  transit  across  the  field 
of  view  of  the  telescope,  and  also  a  series  of  fixed  wires  at  the 
instants  the  image  crosses  them. 

31.  Before  proceeding  farther  in  the  description  of  auxiliary 
apparatus,  it  will  be  proper  to  introduce  an  account  of  the  prin- 
ciple and  construction  of  the  Filar  Micrometer1,  which  has 


1  The  first  invention  and  use  of  this  Micrometer  may  certainly  be  ascribed 
to  William  Gascoigne,  who,  "while  only  eighteen  years  of  age  appears  to  have 
been  actively  engaged  in  observing  the  cel«stial  bodies,  and  in  advancing  the 
state  of  optics  and  practical  astronomy."  He  was  killed  at  the  battle  of  Marston 
Moor  on  July  2,  1644,  in  the  twenty-fourth  year  of  his  age.  (See  Grant's 
History  of  Physical  Astronomy,  pp.  449 — 453.) 
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been  applied  in  an  important  manner  not  only  in  observations 
taken  with  the  Transit  Instrument,  but  also,  under  different 
forms,  in  the  observational  use  of  other  astronomical  instru- 
ments. The  principle  of  the  Micrometer  is  to  measure  very 
small  spaces  by  the  intervention  of  much  larger  spaces,  which 
by  mechanical  construction  are  made  to  have  to  the  first  a  fixed 
ratio,  and  are  capable  of  being  easily  read  off  from  a  graduated 
scale.  Figure  4  represents  a  double-wire  Micrometer  as  con- 
structed by  Troughton.  A  is  one  of  the  micrometer-heads,  the 


Fig.  4. 


form  of  which  is  symmetrical  with  respect  to  an  axis ;  aa  is  an 
attached  circle  graduated  from  0  to  100  on  its  rim,  and  movable 
about  the  axis  by  turning  the  milled  head  bb ;  c  is  the  micro- 
meter-screw working  in  the  micrometer-head,  and  passing  into 
the  hollow  terminal  d;  the  screw  is  fastened  to  the  fork  eee,  which 
slides  within  a  box  of  which  gg,gg  are  projected  sides,  and  carries 
with  it  the  micrometer-wire/crossing  from  arm  to  arm  trans- 
versely ;  h  is  the  place  of  the  index  by  which  the  readings  of  the 
graduation  are  taken :  the  screw  being  of  the  form  called  right- 
handed,  which  is  that  universally  adopted  by  mechanists,  if  the 
circle  be  turned  in  the  direction  for  which  the  index-readings 
of  the  graduation  increase — the  opposite  to  that  in  which  the 
graduation-numbers  in  the  figure  increase — the  fork  and  wire  will 
be  drawn  towards  the  micrometer-head,  so  that  the  distance  of 
the  wire  from  the  micrometer-head  is  less  the  greater  the  micro- 
meter-reading. At  k  there  is  an  antagonistic  compressed  spiral 
spring,  which,  when  the  graduation  is  turned  in  the  direction 
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of  decreasing  index-readings,  pushes  the  fork  and  wire^rom  the 
micrometer-head.  This  construction  is  consequently  adapted 
to  measuring  any  small  space  through  which  the  wire  is  moved 
by  turning  the  milled-head,  by  recording  the  larger  space  simul- 
taneously described  by  a  given  line  of  the  graduation ;  and  it  is 
evident  that  the  ratio  of  the  former  space  to  the  other  is  equal 
to  that  of  the  interval  between  the  threads  of  the  screw  to  the 
circumference  of  the  graduated  circle.  The  comb  II  serves  to 
indicate  the  integral  number  of  revolutions,  the  fraction  of  a 
revolution  is  read  off  in  graduation  intervals,  and  the  deepest 
indenture  in  the  comb  shews  approximately  the  position  of  the 
wire  at  the  zero  reading.  The  exact  performance  of  a  screw 
depends  essentially  on  the  equality  of  the  intervals  between 
consecutive  threads.  A  "drunken"  screw  is  one  defective  in  this 
respect.  Although  this  condition  is  usually  fulfilled  by  the 
mechanist  with  wonderful  accuracy,  as  a  matter  of  precaution 
the  micrometer-measurement  of  spaces  requiring  a  large  number 
of  turns  of  the  screw  should,  as  far  as  possible,  be  avoided. 

32.  The  foregoing  description  may  be  sufficient  as  respects 
the  single-wire  micrometer.     When  there  is  a  second  wire  (as 
m  in  Fig.  4),  this  is  drawn  towards  the  micrometer-head  B 
in  exactly  the  same  way  as  the  other  is  drawn  towards  A,  the 
second  graduated  circle  being  turned  in  the  direction  of  in- 
creasing index-readings  of  the  scale  marked  on  its  rim.     The 
fork  of  this  micrometer  slides  within  the  fork  of  the  first,  and 
the  two  wires  can  pass  each  other  in  close  proximity,  so  as  to 
be  both  sufficiently  in  focus  at  the  same  time. 

33.  The  field  of  view  of  the  Transit  Telescope,  as  seen  with 
a  Ramsden's  eye-piece,  is  shewn  in  Figure  5,  in  which  are  ex- 
hibited the  vertical  wires  (usually  of  spider's  web)  at  which  the 
Transit  observations  are  taken,  and  crossing  them  horizontally, 
two  wires  mid- way  between  which  the  image  of  the  object  is 
made   to  traverse  the  field  by  adjusting  the  pointing  of  the 
telescope,  it  being  of  some  consequence  that  the  transits  should 
all  be  taken  at  the  same  parts  of  the  wires  and  field.     The 
number  of  vertical  wires  (seven  in  the  figure)  is  always  uneven 
in  order  that  the  mean  of  the  times  of  transit  across  all  the 


PRACTICAL  ASTRONOMY. 


wires  may  be  nearly  the  same  as  that  across  the  middle  wire. 
The  additional  wire  mn  is  a  micrometer-wire,  movable,  as  ex- 
plained in  Art.  31,  by  turning  the  milled-head  a  of  the  micro- 


Fig.  5. 


meter-screw,  and  by  the  action  of  an  antagonist  spring  at  b. 
The  fractional  part  of  a  reading  of  micrometer-revolutions  is 
taken  from  the  graduated  circle  c  by  means  of  the  index  d,  and 
the  integral  number  of  revolutions  is  shewn  by  the  indents  of 
the  comb  e  e,  the  place  of  the  wire  for  zero  reading  being 
approximately  marked  by  the  centre  of  a  small  circular  hole  in 
the  comb. 

34.  Figure  6  represents  those  parts  of  the  apparatus  per- 
taining to  the  eye-end  of  the  Transit-telescope  which  are  seen 
externally.  I  proceed  now  to  describe  these  in  detail  and  to 
mention  their  respective  uses.  The  two  small  circles  a&,  a' 6', 
attached  to  the  telescope  tube  near  the  eye-end,  are  setting- 
circles.  Their  use  is  principally  to  enable  the  observer  to  point 
the  telescope  in  readiness  for  observing  the  transit  of  an  object 
of  which  he  already  knows  approximately  the  Eight  Ascension 
and  clock-time  of  Transit,  and  the  Zenith  Distance,  or  North 
Polar  Distance.  Each  circle  is  graduated  expressly  for  this  purpose, 
and  is  provided  with  a  small  spirit-level  movable  about  an  axis 
through  the  centre  of  the  graduation,  and  carrying  at  one  end 
an  index  and  vernier  by  means  of  which  the  angular  position 
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of  the  level  may  be  set  to  any  required  graduation-reading.  In 
the  figure,  cd  is  the  spirit-level  of  one  of  the  setting-circles,  the 
vernier  being  attached  to  the  end  d.  The  position  of  the  zero 


Fig.  6. 


reading  of  the  setting-circle  is  so  adjusted  that  when  the  tele- 
scope points  to  the  zenith,  and  the  bubble  of  the  spirit-level  is 
in  its  middle  position,  the  index  reading  is  equal  to  the  co-lati- 
tude of  the  Observatory.  Hence  for  any  other  pointing  of  the 
telescope  the  index-reading  for  bubble  in  mid-position  is  North 
Polar  Distance.  This  arrangement  for  setting  for  an  object  in 
North  Polar  Distance  is  made  suitable  to  the  graduation  of 
either  circle  when  on  the  West  side,  the  graduations  being  such 
that  when  by  reversing  the  instrument  that  on  the  East  side  is 
transferred  to  the  West  side,  the  process  of  setting  is  precisely 
the  same  as  before.  For  this  reason  the  setting  is  always  done 
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on  the  West  side1.  Occasionally,  when  the  interval  between  the 
transits  of  two  objects  put  down  for  observation  allows  of  little 
time  for  setting  for  the  second  after  the  transit  of  the  first,  the 
reading  of  the  East  circle  should,  to  save  time,  be  prepared 
beforehand  for  setting  for  the  second  observation.  This  may 
be  conveniently  done  by  first  setting  for  the  second  observation 
with  the  West  circle,  and  then,  without  moving  the  telescope, 
clamping  the  East  level  with  bubble  in  mid-position ;  after 
which  the  setting  for  the  first  observation  may  be  performed  in 
the  usual  manner,  and  immediately  after  the  transit  across  the 
seven  wires  the  telescope  may  be  pointed  for  the  second  obser- 
vation by  turning  it  till  the  bubble  of  the  East  circle  is  in  mid- 
position.  Before  making  the  above-mentioned  uses  of  the 
setting-circles,  their  spirit-levels  require  to  be  adjusted  by  a 
process  which  will  come  under  consideration  in  Division  III. 
Figure  7  is  an  enlarged  representation  of  the  setting-circle 

Fig.  7. 


1  Formerly,  each  setting-circle  of  the  Cambridge  Transit  Instrument  had 
two  verniers,  one  for  setting  in  zenith  distance,  and  the  other  for  setting  in 
north  polar  distance,  and  the  graduations  were  suitable  for  setting  on  the  west 
side.  As  one  of  these  verniers  might  be  dispensed  with,  the  second  one  was 
removed,  and  in  order  that  the  other  might  point  to  north  polar  distance,  each 
circle  was  re-fixed,  after  being  shifted  about  its  centre  through  an  angle  equal 
to  the  co-latitude,  and  that  on  the  west  side  was  used  as  before,  for  setting. 
The  setting-circles  of  the  Cambridge  Transit-circle  also  have  each  one  vernier  for 
setting  in  N.  P.  D.,  but  as  this  instrument  is  not  used  in  reverse  positions, 
their  graduations  are  exactly  alike,  and  either  circle  may  be  chosen  for  setting. 
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of  a  meridian  Instrument:  x  and  y  are  screws  with  capstan- 
beads  for  adjusting  the  spirit-level.  The  action  of  the  tangent- 
screw  cgc  and  clamp  y  is  explained  in  the  next  article. 

35.  To  make  the  index-reading  of  the  setting-circle  equal 
to  a  given  angle,  which  it  is  necessary  to  do  before  setting  the 
telescope  for  observing  a  selected  object,  the  observer  makes 
use  of  a  tangent-screw  and  clamp  (the  position  of  which  in 
Figure  6  is  at  o),  which  serves  to  give  slow  motion  to  the 
vernier  for  exactly  setting  the  index  to  the  given  angle.  As 
this  apparatus  for  slow  motion  is  frequently  applied  in  the  use 
of  astronomical  instruments,  I  propose  to  state  here  the  prin- 
ciple of  its  construction  and  the  mode  of  its  action.  Its  essen- 
tial parts  may  be  generally  described  as  follows  by  reference  to 
Figure  8.  A  fine  screw  aa,  with  milled-heads  bb  at  the  two 


Fig.  8. 


ends,  is  supported  by  a  nut  c,  in  which  its  stem,  detained  by 
flanges,  is  caused  to  revolve  by  turning  either  milled-head,  as 
may  happen  to  be  most  convenient.  Another  nut  o  is  tapped 
for  the  screw  to  work  in,  and  is  fixed  to  a  plate  which  overlaps 
a  little  the  limb  ff  of  the  instrument  on  the  farther  side.  At 
the  same  time  another  plate  gg  is  in  contact,  partly  with  the 
first  plate,  and  partly  with  the  limb  on  the  nearer  side,  over- 
lapping to  the  same  extent  as  the  first  plate,  and  to  allow  of 
both  contacts  a  portion  of  the  thickness  of  the  second  plate 
equal  to  the  thickness  of  the  limb  is  cut  away.  The  farther 
plate  is  tapped  for  the  action  of  a  screw  which  passes  through 
a  hole  in  the  plate  gg,  and  has  its  head  and  flange  in  the  posi- 
tion h.  By  turning  this  screw  the  surface  of  the  second  plate  is 
brought  up  to  that  of  the  first  in  such  manner  that  the  limb  is 
nipped  tightly  between  the  two  overlapping  parts.  When  the 
pressure  is  taken  off  by  turning  back  the  clamping-screw  h,  the 
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two  plates  are  separated  by  springs  and  at  the  same  time  are 
kept  in  position  by  suitable  detents,  in  order  to  allow  of  large 
movements  either  of  the  tangent-screw  relative  to  the  limb, 
or  of  the  limb  relative  to  the  tangent-screw.  Supposing  now 
the  clamping  to  have  been  effected  by  means  of  the  screw- 
head  h,  by  turning  one  of  the  heads  bb  the  nut  o  will  approach 
or  recede  from  the  nut  c,  according  to  the  direction  of  the 
turning.  These  arrangements  being  understood,  it  will  be  seen 
that  there  are  two  cases  of  the  action  of  a  tangent-screw  and 
clamp.  In  one  case  the  supporting  nut  c  is  fixed  to  a  plate  in 
rigid  connection  with  a  vernier  which  is  to  be  used  either  for 
reading  off  from  the  graduated  limb,  or  for  setting  the  reading 
to  a  given  angle.  This  is  the  usual  case  of  the  tangent-screw 
of  the  setting  circle  of  a  meridian  instrument.  Since  the  limb 
of  the  circle  is  fixed  relatively  to  the  telescope-tube,  the  nut  o 
and  the  plates,  when  clamped  to  the  limb,  are  also  fixed,  and 
consequently  turning  either  head  b  causes  the  nut  c  to  move 
relatively  to  the  limb.  In  the  instance  represented  by  Fig.  6 
this  nut  is  rigidly  connected  with  the  tongue  p,  which  conse- 
quently moves  with  it,  canying  the  spirit-level  cd  and  the 
vernier  d.  In  the  other  case,  the  supporting  nut  c  is  fastened 
to  a  wall,  or  immovable  plate,  and  turning  bb  gives  the  slow 
motion  to  the  nut  o,  the  clamping  plates,  and  the  clamped  limb 
ff.  This  is  the  kind  of  action  of  the  tangent-screw  of  a  Mural 
Circle,  or  Transit  Circle.  What  is  said  above  may  suffice  for 
explaining  generally  the  principle  and  use  of  the  tangent-screw 
and  clamp.  The  details  of  the  construction  differ  according  to 
the  purpose  for  which  the  instrument  is  designed.  The  tangent- 
screw  of  the  Mural  Circle,  for  instance,  is  constructed  very 
differently  from  that  of  a  Kamsden's  Sextant,  as  will  be  shewn 
when  those  instruments  are  under  consideration. 

36.  Again  in  Figure  6,  the  screw-head  seen  projecting  at/ 
belongs  to  the  tangent-screw  of  the  setting-circle  on  the  farther 
side  of  the  eye-end.  At  g,  two  screws  acting  oppositely  on  a 
projecting  piece  of  the  frame  which  carries  the  micrometer-wire, 
and  thereby  causing  angular  motion  of  the  frame  about  the 
axis  of  the  telescope,  serve  for  fixing  this  wire  in  the  position  of 


THE  TRANSIT   INSTRUMENT. 


31 


exact  parallelism  to  the  middle  wire.  At  h  there  is  an  adjusting 
apparatus,  like  that  at  g,  by  the  action  of  which  on  a  piece  pro- 
jecting from  an  interior  tube  which  carries  the  two  wire-frames 
and  the  eye-piece,  this  tube  can  be  shifted  longitudinally,  and  the 


Fig.  6. 


wires  be  placed  at  the  distance  from  the  object-glass  of  its 
geometrical  focus.  The  particular  reason  that  the  observer 
should  have  the  means  of  making  this  adjustment  will  be  ex- 
plained in  Division  II.  At  the  extremity  of  the  eye-end  the 
figure  represents  the  eye-piece  E  inserted  in  a  plate  movable 
in  grooves  (as  mentioned  in  Arts.  21  and  30),  together  with  the 
places  of  the  micrometer-head  I  and  the  opposite  spring  m.  In 
addition  to  the  parts  above  mentioned  there  are  two  opposite 
screws  with  capstan-heads  (not  exhibited  in  the  figure),  which 
work  in  the  frame  to  which  the  transit-wires  are  attached,  and 
answer  the  purpose  of  shifting  it  horizontally  and  fixing  it  in 
any  required  position. 
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37.  In  order  to  see  the  wires  distinctly  at  night-time  for 
observing  transits,  it  is  necessary  to  illumine  the  field  of  view, 
that  the  wires  may  appear  dark  on  a  bright  ground.     The  illu- 
mination may  be  effected  and  its  amount  regulated  in  the 
following  manner.     The  light  of  a  lamp,  put  opposite  the  end 
of  one  of  the  pivots  through  which  a  perforation  has  been  made, 
falls  upon  a  reflector  which  is  situated  where  the  axis  of  motion 
intersects  the  axis  of  the  telescope,  and,  being  inclined  to  the 
latter  at  an  angle  of  45°,  sends  the  reflected  light  to  the  eye- 
end,  and  thus  illumines  the  field.     The  reflector  is  ring-shaped 
in  order  to  allow  of  free  passage  of  the  pencils  of  light  from  the 
object-glass,  and  its  surface  is  gilded  for  the  purpose  of  increas- 
ing the  intensity  of  the  scattered  light  reflected  from  it.     The 
degree  of  illumination  is  regulated  by  varying  the  size  of  the 
aperture  at  the  end  of  the  pivot,  which  is  done  by  means  of 
rack-work  and  wheels,  moved  by  turning  the  milled-head  at  n, 
which  is  within  reach  of  the  observer   when   he   is   looking 
through  the  eye-piece.     In  the  Greenwich  Transit  Circle,  as 
also  in  that  of  the  Cambridge  Observatory,  the  illumination  can 
be  gradually  diminished  to  the  point  of  extinction  by  means  of 
apparatus  provided  by  Mr  James  Simms  for  enabling  the  ob- 
server to  vary  the  inclination  of  the  reflector. 

38.  When  the  light  of  the  object  to  be  observed  is  very 
feeble,  it  may  happen  that  the  least  amount  of  illumination 
required  for  seeing  the  wires  with  sufficient  distinctness  for  the 
observation  is  too  strong  for  distinguishing  the  object.     In  that 
case  recourse  is  had  to  illumining  the  wires  on  a  dark  field.    To 
do  this  the  illuminating  light  has  to  pass  in  the  direction  from 
the  eye-glass  to  the  wires.     The  Cambridge  Transit  Instrument 
was  furnished  with  the  means  of  suspending  a  small  lamp  in 
such  manner  that  its  light  fell  in  a  slanting  direction  on  the 
wires  so  as  to  make  them  visible  on  a  dark  ground.     This 
method  is  liable  to  the  objection  that  as  one  side  of  a  wire  is 
illumined  more  than  the  other,  the  axis  of  the  line  of  illumina- 
tion does  not  exactly  coincide  with  the  axis  of  the  wire.     This 
fault  might  be  got  rid  of  by  having  two  lamps,  one  on  each 
side  of  the  system  of  wires :  but  at  best  this  method  is  practi- 
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cally  inconvenient.  It  has  been  proposed  to  substitute  for  the 
spider- lines  fine  lines  engraven  on  plate  glass.  These  lines  would 
ordinarily  appear  dark  on  a  bright  ground ;  but  on  applying  at 
night-time  the  light  of  a  lamp  to  the  edge  of  the  piece  of  glass, 
they  would  be  seen,  by  the  light  scattered  from  innumerable 
facets,  as  bright  lines  on  a  dark  ground.  I  do  not  know  that 
this  ingenious  method  has  been  put  in  practice.  I  have  used 
with  success  for  the  same  purpose  the  collimating  eye-piece  (of 
which  a  description  will  subsequently  be  given),  by  holding  in 
the  hand  a  lamp  so  that  its  light  reflected  from  the  plate-glass, 
situated  between  the  eye  and  the  wires  and  inclined  to  the  axis 
at  an  angle  of  45°,  is  incident  on  the  wires.  This  and  the  pre- 
ceding method  are  objectionable  on  account  of  the  loss  of  light 
from  the  faint  object  caused  by  its  passage  through  the  plate- 
glass.  The  most  complete  method  appears  to  be  one  invented 
by  Mr  Simms,  according  to  which  by  continuing  to  vary  the 
inclination  of  the  reflector  beyond  the  point  of  extinction  men- 
tioned in  Art.  37,  the  light  of  the  lamp  is  thrown  on  the  wires, 
the  field  remaining  dark.  The  apparatus  for  this  purpose  has 
been  supplemented  by  furnishing  the  observer  with  means  of 
regulating  by  turning  a  milled-head  the  amount  of  the  illumi- 
nation of  the  wires. 


39.  From  the  foregoing  descriptions  of  the  mounting  and 
the  parts  of  a  Transit  Instrument  we  may  proceed  to  treat  of  it 
under  the  second  Division  ;  that  is,  to  consider  what  preliminary 
arrangements  have  to  be  made  in  order  that  it  may  effect  the 
immediate  purpose  of  determining  the  clock-time  of  transit  of 
a  celestial  body  across  the  meridian  passing  through  its  centre 
of  figure,  which  meridian  will  be  taken  to  be  the  reference 
meridian  of  the  Observatory. 

II.      THE  ADJUSTMENTS    OF    A    TRANSIT    INSTRUMENT  AND 
CORRECTION   OF   ITS   ERRORS  BY  CALCULATION. 

40.  It  will  at  first  be  supposed  that  the  pivots  are  exactly 
equal  and  cylindrical,  and  that  their   axes   are   in   the   same 
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straight  line  (see  Art.  27).  It  is  evident  that  on  this  suppo- 
sition the  axis  of  motion  coincides  with  the  common  axis  of  the 
pivots,  and  that  it  will  have  the  same  position  in  space  in 
reverse  positions  of  the  instrument,  if  only  the  Y's  in  which  the 
pivots  rest  retain  the  same  position.  It  has  been  stated  (Arts. 
12,  13,  15)  that  the  axes  of  all  pencils  of  rays  that  go  to  form 
the  image  looked  at  with  the  eye-piece  pass  through  the  optical 
centre  of  the  object-glass,  so  that  a  plane  through  this  point 
cutting  the  axis  of  motion  at  right  angles  has  not  only  a  fixed 
position  relative  to  the  instrument,  but  is  also  related  in  a 
definite  manner  to  the  directions  of  the  pencils  of  rays  that 
come  from  a  celestial  object.  A  line  of  collimation  may  be 
defined  to  be  the  axis  of  any  pencil  of  convergent  rays  which 
forms  the  image  of  a  point  of  the  object  at  the  geometrical 
focus  of  the  object-glass,  and  its  direction,  as  far  as  concerns 
transit  observations,  is  determined  by  its  inclination  to  the 
above-mentioned  plane.  This,  in  fact,  is  the  plane  to  which 
collimation  is  referred,  and,  for  brevity,  will  be  called  the  plane 
of  collimation.  There  is  no  line  which  can  properly  be  named 
the  optical  axis  of  collimation ;  but  a  straight  line  drawn  from 
the  optical  centre  of  the  object-glass  to  the  point  of  the  plane  of 
collimation  which  is  mid-way  between  the  two  horizontal  lines 
represented  in  Figure  5,  is  in  some  sense  an  optical  axis, 
because,  for  the  sake  of  uniformity  and  exactness,  the  images 
whose  transits  are  taken  should  all  be  made  to  cross  the  field 
nearly  through  this  point.  If,  however,  .the  wire-frames  be 
accurately  adjusted,  crossing  a  little  higher  or  lower  will  be  of 
no  consequence. 

41.  That  a  Transit  Instrument  may  answer  the  purpose  to 
which  it  is  applied,  the  optical  axis  (defined  as  in  the  preceding 
article)  must  either  be  made  by  mechanical  adjustments  to  move 
in  the  plane  of  the  meridian,  or  its  small  deviation  from  that 
plane  must  be  ascertained  for  the  pointing  of  the  telescope 
in  each  observation,  in  order  that  the  error  of  the  observed  time 
of  transit  thence  arising  may  be  corrected  by  calculation  in  the 
reduction  of  the  observations,  which  is  virtually  to  correct  the 
errors  of  an  unadjusted  instrument. 
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42.  The  method  of  correcting  for  instrumental  errors  by 
calculation  is  preferable  for  two  reasons  to  that  by  mechanical 
adjustment:  (1)  because  it  dispenses  with  frequent  turning  of 
screws,  which,  as   tending   to   unsteadiness,   should   as  far   as 
possible  be  avoided  ;  (2)  because  the  data  for  the  calculation  are 
generally  obtainable  with  great  precision  by  the  use  of  optical 
instruments  for  magnifying. 

43.  In   certain    circumstances   mechanical   adjustment   is 
always  employed ;  namely,  when  it  is  sufficiently  exact,  and  not 
liable  to  be  disturbed,  and  at  the  same  time  the  method  by 
calculation   is   not   readily  available.     This   is  the   case   with 
respect  to  adjusting  the  middle  transit-wire  in  order  to  make  it 
coincident  with  a  plane  perpendicular  to  the  axis  of  motion,  and 
the  micrometer-wire,  so  that  it  shall  be  exactly  parallel  to  this 
fixed  wire.     These  two  adjustments,  which  it  will  be  proper  to 
consider  first  of  all,  may  be  performed  by  the  following  processes. 
For  the  first  adjustment  there  should  be  added  to  the  apparatus 
at  h  provided  for  shifting  longitudinally  the  tube  which  carries 
the   eye-piece  and   wire-frames  (see  Fig.  6  and  Art.  35),  two 
opposite   screws   which,   by   acting  transversely   on   the   same 
projecting  piece,  would  give  the  means  of  turning  that  tube 
about  its  axis,  and  fixing  it  in  any  required  angular  position. 
Then,  assuming   that  the   axis   of  motion   has   been   roughly 
adjusted   to    horizontally,    and    the    wire-frames    have    been 
approximately  put  into  position,  that  carrying  the  system   of 
seven  wires  being  fixed  by  opposite  screws,  the  middle  wire  is  to 
be  brought  to  bisect  (by  turning  the  screw  for  azimuthal  adjust- 
ment of  the  axis  of  motion,  as  hereafter  spoken  of)  a   well- 
defined  fixed  point,  which  may  be  some  point  of  a  terrestrial 
object,  or  a  meridian  mark,  or,  what  is  still  better,  the  intersec- 
tion of  crossing  wires  at  the  focus  of  a  collimator.     Now  by 
means  of  the   horizontal  adjustment   by  the   opposite   screws 
referred  to  at  the  end  of  Art,  36,  and  the  angular  adjustment 
just  mentioned,  it  is  always  possible  to  make  the  bisected  point 
run  exactly  along  the  middle-wire  from  end  to  end,  while  the 
telescope  is  shifted  about  the  axis  of  motion.     The  position  of 
the  wire  when  this  condition  is  fulfilled  is  coincident  with  a 
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plane  perpendicular  to  that  axis.  (I  have  found  that  the  Pole- 
star,  by  reason  of  its  slow  diurnal  motion,  may  be  used  when  on 
the  meridian  for  testing  the  accuracy  of  this  adjustment.) 
This  being  done,  the  micrometer-wire  is  to  be  placed  exactly 
parallel  to  the  middle  wire,  partly  by  its  micrometer-movement, 
and  partly  by  employing  the  apparatus  at  g  (Fig.  6)  for  shifting 
the  wire  about  the  axis  of  the  telescope  and  fixing  it  in  the 
required  position1.  The  parallelism  is  effected  when  by  the 
two  movements  a  fine  line  of  light  of  uniform  breadth  is  formed 
between  the  two  wires. 

44.  When  these   adjustments  of   the   wires    have    been 
effected,  three  other  adjustments,  necessary  and  sufficient  for 
the   exact   performance   of  a   Transit  Instrument,  having,  as 
supposed  in  Art.  40,  equal  cylindrical  pivots,  may  be  proceeded 
with.     (1)  The  middle  wire  is  required  to  be  coincident  with 
the  plane  of  collimation  defined  in  Art.  40 ;  (2)  the  plane  of 
collimation  must  be  vertical,  and  therefore  pass  through  the 
zenith  of  the  point  of  its  intersection   with  the   axis  of  the 
instrument;  (3)  this  vertical  plane  must  also  pass  through  the 
pole  of  the  heavens  in  order  that  it  may  be  coincident  with  the 
meridian  of  that  central  point.     The  first  of  these  conditions 
has  reference  to  the  instrument,  the  second  to  the  earth,  and 
the  third  to  the  heavens.     Deviations  from  fulfilment  of  these 
conditions  are  instrumental  errors,  which  have  either  to  be  cor- 
rected by  mechanical  means,  or  to  be  allowed  for  by  calculation 
(see  Art.  41).     As  it  is  proposed  to  indicate  both  methods  of 
correction,  it  will  be  proper  to   introduce  here  a   description 
of  the   apparatus    employed   for    correcting   the   three   errors 
mechanically. 

45.  For   correcting  the  error  of  collimation,  that  is,  the 


1  In  the  Cambridge  Transit  Instrument  no  apparatus  was  provided  for  the 
rotational  movement  of  the  tube  which  carries  the  wire-frame,  in  consequence 
of  which,  having  to  take  out  the  tube  for  the  purpose  of  inserting  the  apparatus 
at  h,  I  was  obliged,  in  replacing  it,  to  make  the  angular  adjustment  by  hand  in 
the  best  way  I  could.  The  Transit  Circle  now  in  use  is  furnished  with  means  of 
making  both  the  longitudinal  and  the  rotational  adjustment,  two  sets  of  an- 
tagonist screws  acting  for  that  purpose  upon  the  projecting  piece  at  h. 
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deviation  of  the  middle  wire  from  the  plane  of  collimation,  the 
movement  of  the  wire-frame  by  capstan-headed  screws,  men- 
tioned before  in  Art.  36,  is  provided.  For  correction  of  the  error 
of  level,  or  deviation  of  the  axis  of  motion  from  a  horizontal 
plane,  the  Y  in  which  one  of  the  pivots  rests  is  movable 
vertically,  and  can  be  fixed  in  position,  by  adjusting  screws; 
and  for  correction  of  the  error  of  azimuth,  or  deviation  of  the 
plane  of  collimation,  corrected  for  level  error,  from  the  plane  of 
the  meridian,  the  other  Y  is  movable  horizontally,  and  can  be 
fixed  in  position,  by  antagonist  adjusting  screws.  The  mechani- 
cal arrangements  made  for  these  two  movements  in  the  mount- 
ing of  the  Cambridge  Transit  Instrument  are  exhibited  in 
Figures  9  and  10,  as  seen  when  the  brass  plates  that  concealed 
them  were  removed1. 


Fig,  9. 


46.  The  vertical  adjustments  were  made  by  turning  with 
spikes  the  capstan-headed  screws  at  a  and  b  (Fig.  9),  and  the 
azimuth  adjustments  by  turning  the  antagonist  screws  at  c  and 


1  As  this  apparatus  has  been  dismounted,  I  had  the  opportunity  of  examining 
it  before  drawing  the  Figures  9  and  10.  These  are,  for  the  most  part,  copied 
from  figures  contained  in  the  second  plate  to  Woodhouse's  account  of  the 
instrument  (before  referred  to  in  a  note  to  Art.  9),  which,  as  no  explanation 
accompanied  them,  were  scarcely  intelligible  without  inspection  of  the  ap- 
paratus. 
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d  (Fig  10).  The  former  adjusting  screws  were  maintained  in 
bearing  by  the  spiral  springs  at  g  and  /.  The  capstan-heads 
were  graduated  in  such  manner  that  after  completing  the 


Fia.  10. 


adjustment  of  the  axis,  the  index-readings  of  the  two  heads  for 
movement  in  altitude  should  be  the  same,  as  also  those  of  the 
two  heads  for  movement  in  azimuth.  This  appears  to  have 
been  arranged  in  order  to  avoid  the  strain  which  such  action  of 
two  screws  as  that  which  the  above  figures  indicate  is  evidently 
liable  to  produce  if  they  should  be  turned  unequally.  Accord- 
ingly after  turning  the  screws  for  either  the  altitude  or  the 
azimuth  adjustment,  the  index  readings  of  both  screws  were 
always  left  the  same.  (It  would  have  been  better  if  the 
altitude  adjustment  had  been  effected  by  a  single  capstan- 
headed  screw  placed  between  the  spiral  springs  at  g  and  f 
(Fig.  9),  supposing  these  to  be  of  considerable  strength,  and  if  for 
the  azimuth  adjustment  one  of  the  screws  at  c  and  cZ,  instead  of 
working  in  the  movable  plate  A' A',  had  simply  abutted  on  this 
plate  for  fixing  it,  the  movement  being  effected  by  the  screw  at  the 
other  end.)  The  vertical  movement  of  AA  took  place  along  the 
fixed  edges  pq  and  rs,  and  the  horizontal  movement  of  A' A 
along  the  fixed  edge  tu,  on  which  it  was  made  to  bear  by  the 
steel  springs  and  screws  g  and  h  (Fig.  10).  I  found  that  the  plate 
BB  was  made  to  be  movable  in  contact  with  AA  about  a  horizon- 
tal axis  ee  supported  by  the  latter,  and  that  the  like  was  the  case 
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relatively  to  the  plates  B' B'  and  A' A'.  This  was  done  in  order 
that  by  the  weight  of  the  instrument  the  pivots  might  be 
made  to  rest  in  perfect  contact  with  the  Y's ;  and  for  the  same 
reason  the  pieces  C  and  C',  in  which  the  Y's  are  cut,  admitted 
of  being  shifted  horizontally  till  the  pivots  obtained  their 
proper  bearing,  after  which  they  were  fixed  in  position  by  the 
capstan-headed  screws  m  and  n.  Since,  however,  with  all  the 
above-mentioned  precautions  it  was  not  certain  that  strain,  or 
unsteadiness,  was  wholly  prevented,  I  consider  the  mode  of 
adjustment  described  in  the  next  paragraph,  which  dispenses 
with  screw-movement,  to  be  much  preferable. 

47.  The  foregoing  explanations   may  suffice   to   indicate 
generally  what  is  required  to  be  done  for  correcting  the  three 
errors,  whether  the  Transit  Instrument  be  small  or  large,  portable 
or  fixed.     But  the  details  of  the  mechanical  means  may  differ 
according  to  the  size  or  purpose  of  the   instrument.     In  the 
Transit  Circles  of  the  Greenwich  and  Cambridge  Observatories, 
the   wire-frame   is  not   fixed   in  position   by   capstan-headed 
screws,  but  is  movable  by  a  micrometer- screw  with  graduated 
head    and    antagonist    spring,    and    the    use    of    the    single 
micrometer-wire  is  dispensed  with.     Also  the  pivots  are  made 
to  rest  in  portions  of  cylindrical  surfaces  exactly  fitting  them, 
and  instead  of  employing  adjusting  screws  for  correcting  the 
errors  of  level  and  azimuth  when  they  have  become  large,  this 
is  done  by  simply  scraping  these  surfaces.     The  fitting  portions 
extend  on  each  side  through  15°,  and  their  centres  are  about 
120°  apart. 

Correction  of  Collimation- Error  by  mechanical  adjustment. 

48.  We  may  now  proceed  to  consider  particular  processes 
by  which  the  three  errors  may  be  corrected,  beginning  with  the 
mechanical  correction  of  the  error  of  collimation.     The  method 
for  a  long  time  generally  adopted  for  making  this  correction 
was  to  set  up  a  fixed  terrestrial  mark  very  near  the  meridian, 
and  at  a  distance  from  the  telescope  so  great  that  the  rays  from 
any  point  of  it  entering  the  object-glass  would  be  very  nearly 
parallel  (see  Art.  9).     The  Cambridge  mark,  which  was  on  the 
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tower  of  Grantchester  church  (distant  2J  miles),  was  a  cross  in 
the  form  of  X1,  and  its  angular  distance  West  from  the  meridian 
was  about  14".  Under  these  circumstances  the  middle  wire 
could  be  brought  to  bisect  the  image  of  the  cross  by  means  of 
the  screws  for  azimuth  adjustment  (Art.  46).  Then  on  reversing 
the  instrument2  by  exchanging  the  positions  of  the  pivots  in  the 


Y's,  the  wire  would  usually  be  found  to  be  separated  from  the 
cross. 

49.     Figures  11  and  12  represent  what  is  seen  before  and 


1  For  this  form  I  substituted  a  small  circular  disk,  held  by  fine  iron  wires 
at  the  centre  of  a  wooden  circular  frame  which  was  supported  by  two  legs 
equally  inclined  to  the  vertical  through  the  disk.     This  mark  was  also  used  for 
horizontal  bisection. 

2  The  Cambridge  transit  instrument  was  reversed  by  being  lifted  from  the 
Y's  by  a  system  of  pulleys  hanging  from  the  end  of  an  iron  bar,  which  was 
drawn  out  for  the  occasion  so  far  as  to  bring  the  point  of  suspension  vertically 
over  the  centre  of  the  instrument.    Leathern  straps  which  passed  under  the 
transverse  arms  being  attached  to  the  pulley-frame,  the  lifting  was  effected  by 
pulling  the  rope  by  hand.     This  method  I  found  to  be  attended  with  some  risk, 
having  discovered  (in  good  time)  that  the  check  which  limited  the  drawing  out 
of  the  bar  required  to  be  made  fast,  having  gradually  given  way.    A  better 
method  is  adopted  for  lifting  the  present  Transit-circle,  a  much  heavier  instru- 
ment, this  being  done  by  a  jack-screw  machine,  which  stands  usually  at  a  corner 
of  the  room,  and  by  means  of  rails  and  a  turn-table  can  be  brought  into  a 
position  proper  for  acting  from  below  on  the  transverse  arms.     There  is  rarely 
occasion  for  this  operation,  the  observations  being  all  taken,  not  necessarily, 
but  for  greater  convenience,  in  the  same  position  of  the  instrument,  and  the 
error  of  collimation  being  found,  without  reversing,  by  processes  which  will 
shortly  be  described. 
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after  the  reversion.  As  the  line  of  collimation  (Art.  40)  of 
any  point  of  the  wire  makes  equal  angles  with  the  plane  of 
collimation  before  and  after  reversion  on  opposite  sides,  it 
follows  that  this  plane  passes  through  a  point  c  midway 
between  the  bisected  cross  and  the  wire  in  its  new  position  D'd'. 
Hence  to  correct  the  error  of  collimation  of  the  middle  wire,  it 
is  only  required  to  move  the  wire  after  the  reversion  half-way 
towards  the  image  of  the  cross  by  means  of  the  screws  for 
collimation-adjustment  (Art.  45).  If  this  movement  is  effected 
by  capstan-headed  screws,  as  is  usually  the  case  in  small  and 
portable  instruments,  it  can  only  be  done  tentatively,  and  after 
a  first  trial  the  same  process  should  be  repeated  till  the 
wire  appears  to  bisect  the  cross  both  before  and  after  the 
reversion.  When  this  is  the  case  the  correction  has  been  made 
with  as  much  accuracy  as  is  attainable  by  mechanical  means. 

50.  If  the  telescope  has  a  micrometer-wire  (as  mn  in 
Figure  5),  the  mechanical  correction  of  collimation-error  can 
be  more  readily  effected  and  with  greater  precision.  In  that 
case  the  mark  is  bisected  by  the  micrometer-wire  before 
reversing,  and  the  micrometer-reading  is  recorded;  and  the 
same  steps  are  taken  after  the  reversion.  If  in  Figures  11  and 
12  Dd  and  D'd'  represent  the  micrometer-wire  in  the  two 
positions,  the  difference  of  the  two  readings  will  evidently 
measure  the  distance  of  D'd'  from  the  cross,  or  twice  the  colli- 
mation error.  The  mean  of  the  readings  will  be  the  micrometer- 
reading  for  the  mid-position  c,  and  if  the  micrometer-head  be 
set  to  this  reading,  the  micrometer- wire  will  actually  be  placed 
in  the  plane  of  collimation.  Consequently  the  mid- wire  will  be 
corrected  for  collimation-error  by  being  brought  by  the  screws 
for  horizontal  adjustment  of  the  wire-frame  into  coincidence 
with  the  micrometer- wire  according  to  the  judgment  of  the  eye, 
which  may  be  done  with  very  considerable  accuracy.  If,  how- 
ever, the  wire-frame  be  movable  by  a  micrometer  (as  mentioned 
in  Art.  4*7),  the  mid-wire  is  at  once  placed  in  the  plane  of  colli- 
mation by  making  the  micrometer-reading  equal  to  the  mean 
of  the  two  recorded  readings. 
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Calculation  of  uncorrected  Collimation- Error. 

51.  In  the  use  of  large  meridian  instruments  the  processes 
of  mechanical  correction  are  only  employed  for  securing  that 
the  errors  (which  from  one  cause  or  another  are  always  chang- 
ing) shall  not  exceed  very  small  amounts,  no  attempt  being 
made  to  maintain  them  at  zero  by  adjustments.  Hence  it  is 
necessary  from  time  to  time  to  calculate  the  actual  amoimts, 
for  the  purpose  of  getting  rid  of  their  effects  on  the  results  of 
the  observations.  Proceeding,  accordingly,  to  indicate  how 
collimation-error  may  be  calculated,  I  shall,  at  first,  suppose 
that  the  measured  quantities  are  expressed  in  micrometer- 
revolutions,  and  afterwards  shew  how  to  determine  the  value 
in  celestial  arc  of  the  space  the  wire  is  carried  over  by  one 
revolution  of  the  micrometer-head.  It  has  been  ascertained 
(Art.  50)  that  the  micrometer-reading  for  coincidence  with  the 
plane  of  collimation  is  the  mean  of  the  micrometer-readings  for 
bisection  of  the  mark  before  and  after  reversion.  (For  the  sake 
of  precision  each  adopted  micrometer-reading  is  usually  the 
mean  of  the  readings  for,  at  least,  six  bisections.)  The  coin- 
cidence of  the  micrometer- wire  with  the  mid-wire  is  not  judged 
of  in  the  way  mentioned  in  Art.  50,  but  is  determined  by  just 
excluding  the  line  of  light  between  the  two  wires  three  or  more 
times  on  one  side  and  an  equal  number  of  times  on  the  other 
side,  and  taking  the  mean  of  the  micrometer-readings  for  all 
the  positions  for  the  adopted  coincidence-reading.  The  colli- 
mation-error of  the  mid-wire  expressed  in  micrometer-revolu- 
tions is  the  difference  between  this  coincidence-reading  and 
that  for  coincidence  with  the  plane  of  collimation.  In  the  case 
of  a  Transit  Circle  which  has  no  micrometer- wire,  and  is  not 
reversed,  the  collimation-error  is  calculated  by  means  of  colli- 
mators,  as  will  be  presently  shewn. 

52.  On  the  supposition  that  the  pivots  are  cylindrical  and 
equal,  the  determination  of  collimation-error  by  this  method  is 
complete  unless  the  operation  of  reversing  the  instrument  pro- 
duces horizontal  displacement  of  the  Y's.  As  it  is  possible  this 
might  happen,  especially  with  such  apparatus  for  supporting 
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the  Y's  as  that  described  in  Art.  46,  the  observer  ought  always 
to  employ  two  marks,  one  southward  and  the  other  northward, 
because  the  effect  of  horizontal  angular  displacement  of  the 
axis  is  thereby  eliminated,  as  is  proved  by  the  following  reason- 
ing. The  telescope  being  horizontal  and  pointing  southward, 
suppose  the  eye-end  to  be  shifted,  by  the  displacement,  towards 
the  east.  Then  the  image  of  the  south  mark  will  be  shifted, 
relatively  to  the  mid-wire,  towards  the  West  through  a  space 
which  measures  the  angular  displacement.  So  when  the  tele- 
scope is  turned  to  point  northwards,  and  the  eye-end  is  conse- 
quently shifted,  by  the  displacement,  westward,  the  image  of 
the  north  mark  is  shifted,  relatively  to  the  mid-wire,  through 
an  equal  space  towards  the  East.  Hence  if  rl  and  r2  be  the 
micrometer-readings  for  bisection  of  the  marks  before  the  re- 
version, and  r/  and  r2'  those  for  bisection  after  reversion,  we 
may  infer  from  what  has  just  been  said  that  the  latter  would 
have  been  r/  ±  a  and  r2'  +  a  if  there  had  been  no  displacement. 

Hence  the  reading  for  plane  of  collimation  is  ^  (rt  +  r/  +  a)  by 
one  mark,  and  -=  (rz  +  r2'  +  a)  by  the  other,  and  the  mean  of  the 

two  determinations  is  ^  (rt  +  r/  +  r2  +  r2'),  which  is  the  mean 

of  the  four  readings  actually  recorded.  This  mean,  therefore, 
is  the  true  reading  for  coincidence  with  the  plane  of  collimation, 
notwithstanding  any  small  angular  displacement  of  the  axis. 
The  same  result  would  evidently  have  been  obtained  if  the 
shifting  of  the  eye-end,  the  telescope  pointing  southward,  had 
been  towards  the  West. 

53.  Instead  of  a  second  distant  mark  on  the  opposite  side 
of  the  instrument  (an  arrangement  which  it  would  rarely  be 
possible  to  make),  at  the  Cambridge  Observatory,  as  well  as  at 
Greenwich  (see  Note  to  Art.  9),  a  small  transit  telescope  was 
formerly  set  up  near  the  telescope  of  the  transit  instrument,  to 
serve  for  a  Collimator.  The  two  telescopes  being  so  placed 
that  they  pointed  directly  towards  each  other,  an  image  of  the 
wires  of  the  small  telescope,  which  are  supposed  to  be  accurately 
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placed  at  its  geometrical  focus,  was  formed  at  the  geometrical 
focus  of  the  large  telescope,  and  a  definite  point  of  this  image 
was  selected  for  bisection.  The  selected  point,  as  being  a  focus 
of  convergence  of  parallel  rays  incident  on  the  object-glass,  was 
equivalent  to  the  image  of  a  mark  at  an  infinite  distance.  It 
is  obvious  that  if  two  collimators,  one  towards  the  north  and 
the  other  towards  the  south,  were  employed  in  this  manner,  a 
fixed  terrestrial  mark  would  not  be  required.  Gauss  introduced 
the  improvement,  now  generally  adopted,  of  setting  up  two 
collimators  so  that  each  could  be  a  collimator  to  the  other  as 
well  as  to  the  intermediate  telescope,  by  which  means  the 
error  of  collimation  can  be  calculated  without  reversing  the 
instrument,  as  may  be  shewn  by  the  following  argument. 


54.  In  Figure  13  A  and  B  represent  the  two  collimators, 
and  C  the  transit  telescope  between  them.  The  optical  centres 
of  the  three  object-glasses  are  respectively  at  o,  o',  and  o",  and  the 
positions  e,  e,  e",  marked  by  the  intersections  of  crossing  lines, 
are  their  geometrical  foci.  It  will  be  supposed  that  the  system 
of  wires  of  the  telescope  C  is  placed  exactly  at  the  focal  dis- 
tance o'V,  so  that  rays  proceeding  from  a  point  of  the  wires 
situated  on  or  very  near  the  optical  axis  will  emerge  from  the 
object-glass  as  parallel  rays.  This  adjustment,  usually  performed 
by  the  instrument-maker,  might  be  effected  by  the  observer 
himself  by  using  the  screw-adjustment  at  h  mentioned  in  Art.  36, 
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the  wire-frame  being  thereby  placed  in  such  a  position  that 
the  mid-wire,  where  it  is  intercepted  between  the  horizontal 
wires,  and  the  image  of  a  star  or  planet  crossing  it,  are  both 
seen  distinctly.  (A  better  method  of  making  this  adjustment 
will  be  indicated  when  the  collimating  eye-piece  is  under  con- 
sideration.) The  additional  figures  ad  and  W  represent,  within 
the  interior  circles,  the  fields  of  view  of  A  and  B  as  seen  by 
eye-pieces  at  c  and  d.  The  wires  thus  exhibited  are  used  for 
collimating,  and  it  is  necessary  that  they  should  be  exactly  at 
the  geometrical  foci  of  the  collimators.  This  condition  may  be 
satisfied  as  follows.  After  adjusting,  as  above  stated,  the  wire- 
frame of  C,  A  and  G  are  made  to  point  towards  each  other,  with 
their  optical  axes  approximately  in  the  same  straight  line,  by 
screw-movements  provided  for  roughly  adjusting  the  optical 
axis  of  A  both  vertically  and  horizontally.  An  image  of  the 
wires  of  G  is  thus  formed  at  the  geometrical  focus  of  A,  being 
due  to  parallel  rays  issuing  from  the  object-glass  of  G  and 
incident  on  that  of  A.  The  wires  of  A  are  then  shifted  (by  an 
external  ring-screw,  or  other  apparatus)  till  they  are  seen 
distinctly  through  the  eye-piece  at  c  coincidently  with  the 
above-named  image,  in  which  case  the  required  adjustment  is 
effected.  The  wires  of  B  have  to  be  adjusted  to  focus  by  a  like 
process,  The  mid-wire  of  C  being  assumed  to  be  accurately 
parallel  to  the  plane  of  collimation  (see  Art.  43),  the  vertical 
wires  of  A  and  B  have  to  be  adjusted  so  as  to  be  parallel  to 
that  wire.  This  may  be  done  by  means  of  the  horizontal  and 
vertical  adjustments  of  their  optical  axes  above  spoken  of,  and 
by  unclamping,  moving  rotationally  by  hand,  and  then  clamping, 
the  tubes  in  which  the  wires  are  fixed.  No  other  means  of 
making  the  rotational  adjustment  is  required,  this  being  suffi- 
ciently exact  if  the  collimating  operation  be  performed  accord- 
ing to  the  following  process. 

55.  The  wires  and  comb  in  the  two  fields  of  view  ad,  bl> 
(Fig.  13)  are  exactly  alike ;  but  the  micrometer-movement  in 
the  former  is  horizontal  and  is  used  for  collimating  in  right 
ascension,  whilst  that  in  the  other  is  vertical  and  might  be  used 
for  collimating  in  declination,  and  for  determining,  in  the  case 
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of  a  Mural  Circle  or  a  Transit  Circle,  the  effect  of  its  flexure. 
It  would  suffice  for  all  purposes  to  furnish  only  one  of  the 
collimators  with  a  micrometer,  if  means  were  provided  of  ro- 
tating its  wires  through  90°.  I  adopted  an  arrangement  by 
which  this  could  be  done  by  hand  with  sufficient  exactness, 
and  was  thus  able,  by  means  of  two  collimators,  only  one  of 
which  had  a  micrometer,  to  correct  the  collimation-error  of  the 
Mural  Circle,  and  also  to  calculate  corrections  for  the  effect  of 
its  horizontal  flexure.  It  would,  however,  be  preferable  to 
furnish  each  collimator  with  a  micrometer  in  the  manner  ex- 
hibited in  Fig.  13.  (This  is  the  case  in  the  collimators  of 
the  Cambridge  Transit-circle.)  In  the  field  of  each  collima- 
tor are  represented  two  parallel  wires,  separated  by  a  small 
interval,  and  movable  together  by  turning  the  micrometer-head. 
Supposing  the  parallel  wires  of  B  to  be  put  nearly  in  the  middle 
of  the  field,  as  indicated  by  the  zero  of  the  comb,  the  point  of 
the  vertical  wire  which  bisects  the  interval  between  them  may 
be  taken  for  e.  If  B  has  no  micrometer  the  point  e'  is  marked 
by  the  intersection  of  the  vertical  wire  by  a  horizontal  wire 
through  the  middle  of  the  field.  By  preliminary  operations 
the  optical  axes  of  A,  (7,  and  B  should  be  placed  nearly  in  the 
same  straight  line,  and  the  optical  axes  of  A  and  B  nearly  in 
the  plane  of  collimation  of  (7.  These  arrangements,  which  may 
be  made  by  means  of  the  vertical  and  horizontal  adjustments  of 
the  optical  axes  of  A  and  B,  require  no  great  precision.  Also  in 
the  tube  of  the  telescope  C  an  aperture  is  required  to  be  made 
through  which,  when  the  axis  of  the  telescope  is  vertical,  the 
collimators  can  point  directly  towards  each  other.  By  this 
means  an  image  of  e  is  formed  at  the  geometrical  focus  of  A, 
and  by  the  adjustments  of  its  axis  may  be  brought  nearly  to 
the  centre  of  its  field.  These  precautions  prevent  any  appre- 
ciable error  arising  from  defect  of  parallelism  of  the  vertical 
wires  of  A  and  B  to  the  mid-wire  of  C.  The  parallel  wires  of 
A  may  now  be  moved  till  the  image  of  e  exactly  bisects  the 
interval  between  them.  This  may  be  done  with  great  precision 
by  the  judgment  of  the  eye.  For  greater  certainty  it  is  usual 
to  make  six  or  more  such  trials,  to  record  the  micrometer-read- 
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ing  after  each,  and  finally  to  set  the  micrometer  to  the  mean 
of  all  the  readings.  The  point  e  in  A  may  then  be  taken 
to  be  that  point  of  the  horizontal  wire  which  is  midway 
between  the  parallel  wires.  The  telescope  C  being  next  pointed 
to  A,  let  the  image  of  e  be  formed  at  e"  on  or  near  the  optical 
axis.  This  image  is  to  be  bisected  six  or  more  times  by  the 
micrometer-wire  of  C  (if  the  system  of  wires  be  not  movable  by 
a  micrometer),  and  the  mean  of  the  readings  taken.  Exactly 
the  same  process  is  to  be  gone  through  with  respect  to  the  point 
e  of  the  collimator  B.  Now  although  the  collimation  between 
A  and  B  does  not  place  eo  and  eo  in  the  same  straight  line,  it 
secures  that  their  directions  shall  be  parallel.  Hence  if  the  line 
e"o"  determined  by  the  collimation  between  A  and  C  be  inclined 
to  the  plane  of  collimation  of  0,  that  determined  by  collimating 
between  B  and  C  will  be  equally  inclined  on  the  opposite  side. 
Hence  the  mean  between  the  two  readings  for  bisection  of  the 
two  points  e"  will  be  the  micrometer-reading  for  the  plane  of 
collimation,  and  the  difference  between  this  reading  and  that 
for  coincidence  with  the  mid-wire  (found  by  the  method  indi- 
cated in  Art.  51),  will  be  the  measure  of  the  collimation-error  of 
the  mid-wire  in  micrometer-revolutions. 

56.  If  the  wire-frame  be  movable  by  a  micrometer,  the 
process  for  finding  the  micrometer-reading  for  plane  of  colli- 
mation is  the  same  as  before,  the  mid-wire  being  used  in  place 
of  the  separate  micrometer-wire.     It  is  the  practice  at  Green- 
wich to  obtain  the  micrometer-reading  for  collimation-plane 
every  day,  after  each  operation  to  set  the  micrometer  to  a 
certain  convenient  reading  that  may  be  presumed  to  be  little 
different  from  the  true  reading,  and  to  adopt  for  true  reading 
the  mean  of  several  determinations,  usually  those  of  a  week. 
Then  the  adopted  error  of  collimation  is  the  difference  between 
this  adopted  reading  and  that  for  the  arbitrary  position  occupied 
by  the  wires  when  the  transits  are  taken.     The  error  of  colli- 
mation for  the  transit  observations  made  with  the  Cambridge 
Transit  Circle  is  determined  on  the  same  principle. 

57.  The  amount  of  collimation-error  having  been  found,  it 
is  next  required  to  determine  the  sign  with  which  it  is  to  be 
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applied  for  correcting  its  effect  on  the  observed  times  of  transit. 
If  the  instrument  be  reversed  from  time  to  time,  as  was  formerly 
the  practice  at  Cambridge,  the  sign  of  the  collimation-correction 
depends  on  the  position  of  the  transverse  axis  as  to  East  or 
West,  which,  therefore,  has  to  be  noted.  This  was  done  by 
recording  after  each  reversion  '  Illumination  East/  or  '  Illumina- 
tion West/  according  as  the  pivot  which  is  perforated  for 
admitting  the  light  for  illuminating  the  field  of  view  was  left 
eastward  or  westward.  (It  would  have  been  simpler  to  indicate 
the  position  by  the  eastward  or  westward  direction  of  the 
micrometer- head,  which  happened  to  be  opposite  to  that  of  the 
perforated  pivot.)  Let  us  suppose  the  micrometer-head  to  be 
westward.  Then  taking  into  account  that  a  micrometer-reading 
is  always  greater  the  nearer  the  micrometer-wire  is  to  the  head, 
it  will  be  seen  that  the  mid-wire  is  to  the  east  or  west  of  the 
plane  of  collimation  according  as  the  reading  for  coincidence 
with  it  is  less  or  greater  than  that  for  plane  of  collimation. 
Hence  since  the  image  of  a  star  above  pole  crosses  the  field 
from  west  to  east,  in  the  case  of  the  less  coincidence  reading  it 
crosses  the  mid- wire  after  crossing  the  plane  of  collimation,  that 
is,  too  late,  and  the  correction  of  the  time  of  transit  is  negative. 
In  the  contrary  case  of  the  coincidence-reading  being  greater 
than  that  for  plane  of  collimation,  the  correction  is  positive. 
The  signs  of  the  correction  for  a  star  below  pole  are  opposite  to 
these,  because  its  image  crosses  the  field  in  the  opposite  direc- 
tion. The  signs  of  the  corrections  for  micrometer-head  eastward 
are  evidently  contrary,  under  the  same  circumstances,  to  those 
for  micrometer-head  westward. 

58.  The  micrometer-head  of  the  Greenwich  Transit  Circle  is 
eastward,  and  the  instrument  is  not  reversed.  Hence  for  a  star 
above  pole  the  sign  of  the  collimation-correction  is  always  the 
same  as  that  of  the  algebraic  excess  of  the  reading  for  collima- 
tion-plane  above  that  for  the  position  assigned  to  the  wire-frame 
(see  Art.  56).  In  the  case  of  the  Cambridge  Transit  Circle  the 
micrometer-head  is  always  westward,  and  consequently  the 
signs  of  the  collimation-correction s,  under  the  same  circum- 
stances, are  opposite  to  those  for  the  Greenwich  'instrument. 
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59.  It  is  now  required  to  express  the  amount  of  the  error, 
as  obtained  by  the  foregoing  processes,  in  terms  of  the  arc  of  a 
great  circle  ;  that  is,  to  determine  the  value  in  are  of  one  revolu- 
tion of  the  micrometer.  For  this  purpose  it  will  be  necessary  to 
anticipate  what  has  to  be  said  under  Division  III.  so  far  as  to 
assume  that  the  observer  is  able  to  record  with  great  precision 
the  clock -time  of  the  instant  of  the  passage  of  a  star  across  the 
micrometer-wire.  In  Figure  14,  P  is  the  pole  of  the  heavens, 

Fig.  14. 


and  PN  is  a  circle  of  north  polar  distance  in  or  very  near  the 
meridian,  and  coincident  with  the  micrometer-wire.  A  transit 
of  Polaris  (the  pole  star)  is  taken  at  the  micrometer-wire  in 
this  position,  and  after  moving  the  wire  to  the  position  bab'  by 
turning  the  micrometer-head  through  an  integral  number  (n)  of 
evolutions,  the  instant  of  transit  at  o-  is  in  like  manner  taken. 
(Any  other  star  the  north  polar  distance  of  which  is  approxi- 
itely  known  and  sufficiently  small  to  allow  by  its  slow  movement 
)f  time  for  this  operation,  might  be  selected.)  P&  is  the  star's 
)lar  distance,  and  <rN  is  an  arc  of  a  great  circle  at  right  angles 
PN.  Let  x  be  the  value  of  one  revolution  of  the  micrometer 
seconds  of  space.  Then  crN=  nx.  Hence  if  Per  =  8,  and  the 
angle  o-PN=  lot,  t  being  the  interval  between  the  transits  in 
seconds  of  time,  we  have  by  the  right-angled  spherical  triangle 
0PN,  sin  nx  =  sin  8  sin  I5t.  Let  R  be  put  for  206265",  the 
number  of  seconds  in  an  arc  equal  to  radius.  Then,  nx  being 
small,  R  sin  nx  =  nx  nearly,  and  hence 

R  •    *  '    i  ~, 
x  —  —  sine  sm  151 
n 

c.  4 
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If  the  arc  15t  be  not  larger  than  it  is  required  to  be  for 
making  an  exact  determination,  we  should  have  R  sin  15£=  15t 
nearly,  and  the  formula  becomes 

Ut  . 

x  —  —  sin  o, 
n 

which  would  generally  be  sufficiently  approximate.  The  value 
of  S,  if  not  known  by  a  contemporaneous  observation  of  the 
star's  polar  distance,  might  for  certain  stars  be  taken  from  the 
Table  of  Apparent  Places  of  circumpolar  stars  in  the  Nautical 
Almanac.  The  adopted  value  of  x,  if  used  for  arcs  exceeding 
that  for  one  micrometer-revolution,  should  be  obtained  from  a 
formula  in  which  n  is  a  considerable  integer1. 

60.  The  foregoing  processes  only  determine  the  error  of 
collimation  of  the  middle  wire,  whereas  the  transits  are 
generally  taken  at  all  the  wires.  We  must,  therefore,  find  the 
collimation-correction  for  the  position  corresponding  to  the 
mean  of  all  the  clock-times  of  transit,  which  is,  in  fact,  to  take 
into  account  the  collimation  error  of  each  of  the  wires.  This 
mean  correction  may  be  inferred  from  that  for  the  middle  wire 
as  follows.  Recurring  to  Figure  14,  suppose  PN  to  be  coinci- 
dent with  the  mid-wire,  bab'  now  to  be  the  position  of  any 
other  wire,  and  transits  of  Polaris,  or  some  other  known  star 
near  the  pole,  to  be  taken  at  both  wires.  Then,  <r  being  the 
point  of  transit  of  bab'  by  the  star,  the  arc  crN  of  a  great  circle 
perpendicular  to  PN  measures  the  horizontal,  or  equatorial, 
interval  between  the  wires,  because  it  is  the  projection  on  the 
heavens  of  the  rectilinear  perpendicular  let  fall  from  the  point  a 
on  the  mid-  wire.  Hence  putting  15a  for  the  arc  crN,  8  for  the 
star's  polar  distance  Per,  and  t  for  the  interval  between  the 
transits  in  seconds  of  time,  we  have  by  Spherical  Trigonometry, 


sn      a  =  sn     sn       , 
from  which  formula  a,  the  interval  between  the  wires  in  seconds 

1  The  value  17",06,  used  in  all  instances  of  the  reduction  of  micrometer- 
measures  taken  with  the  Cambridge  transit  instrument,  was  adopted  by  Mr  Airy 
in  1829,  and  subsequently  proved  by  myself  to  be  sufficiently  exact.  In  no  case 
is  it  used  for  arcs  that  are  not  very  small. 
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of  time  for  an  equatorial  star,  may  be  calculated.  The  same 
calculation  is  required  for  each  of  the  wires,  and  as  accuracy  in 
these  determinations  is  important,  they  should  be  mean  results 
from  repeated  observations. 

61.  Naming  the  wires  A,  B,  C,  D,  E,  F,  G,  and  supposing 
a  star  above  pole  to  cross  them  in  this  order  when  the  micro- 
nieter-head  is  westward,  let  —a,  —  &,  —  c,  be  the  calculated 
equatorial  intervals  of  the  first  three,  and  e,  f,  g  those  of  the 
last  three,  from  the  middle  wire  D,  and  let  x  be  the  unknown 
interval  of  D  from  the  mean  of  all.  Then 

(x  -  a)  +  (x  -  b)  +  (x  -  c)  +  x  +  (x  +  e)  +  (x  +/)  +  (x  +  g)  =  0 ; 
.\x  =  =(a  +  b  +  c-e  -f-g). 

According  as  this  result  is  positive  or  negative,  the  star  passes 
the  mean  of  the  wires  after  or  before  passing  the  mid- wire,  and 
the  sign  of  the  correction  to  be  added  to  the  collimation-correc- 
tion  for  mid-wire  is  plus  or  minus.  For  the  transit  of  a  star 
below  pole  the  signs  have  to  be  changed;  and  when  the 
micrometer-head  is  eastward,  the  sign  is  the  opposite  to  that 
under  the  same  circumstances  for  micrometer-head  westward. 

After  determining  the  intervals  —  a,  —  b,  —  c,  e,  f,  g  by  a 
large  number  of  observations,  and  calculating  the  value  of  x, 
the  equatorial  intervals  (a;  — a),  (x  -  b),  &c.  of  the  several  wires 
from  the  mean  of  all  may  be  readily  calculated. 

62.  I  proceed  next  to  give  an  instance  of  the  numerical 
calculation  of  the  correction  of  error  of  collimation  for  the  mean 
of  the  wires,  taking,  first,  the  case  of  a  determination  by 
employing  a  North  mark  and  a  South  mark,  and  reversing  the 
instrument  (see  Arts.  51,  52,  53).  The  selected  instance  was 
actually  made  use  of  in  the  reduction  of  some  observations 
taken  with  the  Cambridge  transit  instrument.  It  is  to  be 
understood  that  each  of  the  subjoined  micrometer-readings  for 
bisection  of  a  mark  consists  of  an  integral  number  of  complete 
revolutions  of  the  micrometer  (signified  by  the  letter  r),  together 
with  decimal  parts  of  one  revolution  (see  Art.  31),  and 

4—2 
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that  it  is  the  mean  of  the  recorded  readings  for,  at  least,  six 
bisections. 

Bisection  of      Bisection  of 

South  Mark.     North  Mark. 

r.  r. 

Micrometer-head  eastward  25,784 1 7,948 

Micrometer-head  westward.... 22,626  30,495 


Mean  of  each  set  of  two  readings    24,205  24,221 

Mean  of  the  four  readings,  or  concluded  | 
reading  for  plane  of  colliination            / 
Micrometer-reading  for  coincidence  with  D     2 4, 156 

Difference  0,057 

Hence  as  lr  =  17",06,  the  error  of  collimation  of  Z>  =  0,057 
x  17",06  =  0",97.  As  the  micrometer-readings  increase  towards 
the  micrometer-head,  the  true  plane  of  collimatiou  after  the 
reversion  was  more  westward  than  D,  and  the  images  of  stars 
passed  D  after  passing  the  plane  of  collimation.  Hence, 
micrometer-head  westward,  the  collimation-correction  for  D 
was  —  0",97.  Also  it  was  known  from  previous  calculation 
that  at  the  time  the  mean  of  the  wires  was  more  westward 
than  D  by  0",51,  or  that  the  value  of  x  (Art.  61)  was  +  0",51. 
Hence  by  the  rules  in  Art.  61,  the  collimation-correction  for  the 
mean  of  the  wires  =  —  0",97  +  0",51  =  —  0",46,  for  transits  after 
the  reversion,  and  +  0",46  for  transits  before  the  reversion. 

63.  It  is  usual  to  include  in  the  correction  of  tLe  error  of 
colliination  that  of  the  small  error  due  to  diwrnal  aberration. 
The  effect  of  this  aberration  is  to  throw  the  apparent  places  of 
celestial  objects  in  the  direction  of  the  earth's  rotation,  and 
therefore  eastward.  The  transits  of  stars  above  pole  being 
thereby  delayed,  the  sign  of  the  correction  for  such  positions  is 
minus.  The  amount  of  the  correction  may  be  inferred  from 
that  for  the  annual  aberration  by  multiplying  the  latter  by  the 
ratio  of  the  velocity  of  the  observer  due  to  the  earth's  rotation 
to  the  mean  velocity  of  the  earth  in  its  orbit.  Let  R  be  the 
mean  radius  of  the  earth's  orbit,  a  the  earth's  equatorial  radius, 
r  the  geocentric  radius  of  the  place  of  observation,  X  the 
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geocentric  latitude,  and  n  the  number  of  sidereal  days  in  the 
sidereal  year.  Then  that  ratio  is  -^  cos  X,  or  -^  .  -  cos  X.  Taking 

J.i  -it        Q> 

8",95  to  be  the  Sun's  Equatorial  Horizontal  Parallax,  this  being 
the  value  most  recently  obtained,  it  will  be  found  that  -^  is  the 

number  whose  logarithm  is  8,20118,  or,  as  often  expressed  for 
brevity,  [8,20118].  Hence  adopting  20",445  for  the  constant  of 
annual  aberration,  as  determined  by  Struve,  the  general  ex- 
pression for  the  correction  for  diurnal  aberration  is—  [9,51176] 

-  cos  X.     For  the  Cambridge    Observatory  -  =  [9,99909]    and 

Cb  Of 

X  =  5  2°. 2'.  Hence  the  correction  for  that  Observatory,  or  any 
place  having  the  same  latitude,  is  —  0",20. 

64.  The  method  of  determining  collimation-error  by  two 
collimators,  one  to  the  North  and  the  other  to  the  South,  with- 
out reversing  the  instrument,  is  virtually  to  make  use  of  two 
marks  at  an  infinite  distance,  and  to  secure  that  the  axes  of  the 
beams  by  which  they  are  seen  in  the  transit  telescope  shall  be 
strictly  parallel,  and  approximately  in  the  same  straight  line 
(see  Arts.  54  and  55,  and  Fig.  13).  In  this  case  the  micrometer- 
reading  for  plane  of  collimation  is  simply  the  mean  between  the 
two  readings  for  bisection  of  the  marks,  whether  by  a  micrometer- 
wire  or  the  mid-wire,  and  the  amount  and  sign  of  the  collimation- 
correction  for  the  mid-wire  are  found  by  the  processes  explained 
in  Arts.  55 — 58.  Then  the  additional  correction  for  the  mean  of 
the  wires  might  be  determined  precisely  in  the  manner  stated  in 
Arts.  60  and  61.  According,  however,  to  present  practice  with  the 
Greenwich  and  Cambridge  Transit-circles,  this  last  operation  is 
not  performed,  the  transit-times  at  the  several  wires  being  in  all 
cases  reduced  to  times  of  transit  across  the  middle  wire. 

65.  The  foregoing  methods  of  determining  collimation- 
error  are  such  as  could  hardly  be  put  in  practice  except  at  well- 
appointed  fixed  observatories.  There  are,  besides,  at  such 
observatories  means  of  obtaining  exact  determinations  of  the 
error  of  collimation  by  making  use  of  the  collimating  eye-piece, 
but  as  these  are  methods  requiring  independent  determinations 
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of  the  Level  error,  they  cannot  be  fully  treated  of  till  the 
correction  of  that  error  is  under  consideration.  I  propose, 
therefore,  at  present  only  to  indicate  a  process  which  might  be 
available  for  a  portable,  or  temporarily  mounted,  transit  instru- 
ment, or  alt-azimuth  instrument.  In  this  method  the  instru- 
ment is,  first,  to  be  placed  so  that  its  plane  of  collimation  is 
approximately  coincident  with  the  plane  of  the  meridian.  This 
might  be  done  in  the  case  of  the  transit  instrument,  possibly 
with  sufficient  accuracy,  by  using  a  spirit-level  for  horizontality 
of  the  axis  of  motion,  and  determining  the  direction  of  the 
meridian  by  a  compass,  or  by  the  process  described  in  Art.  10. 
Instead  of  this  roughly  approximate,  but  independent,  method, 
if  the  Nautical  Almanac  and  a  timed  chronometer  were  at 
hand,  the  time  at  which  Polaris  would  be  on  the  meridian 
might  be  ascertained,  and  by  pointing  the  telescope  to  the  star 
at  that  time,  the  axis  being  levelled,  the  instrument  would  be 
placed  in  the  required  position.  For  an  alt-azimuth  the 
process  would  be  to  adjust  nearly  the  vertical  and  horizontal 
axes  of  motion  by  spirit-levels,  and  then  determine  the 
meridian  direction  by  equal  altitudes  of  the  same  star  before 
and  after  its  passage  across  the  meridian. 

66.  The  instrument  having  been  thus  put  in  position  with 
sufficient  exactness,  transits  of  Polaris,  or  some  other  slow- 
moving  star,  are  to  be  taken  in  the  following  manner.  In 
Figure  15,  ADD' A'  is  the  star's  path  above  pole,  as  seen  in  the 

Fig.  15. 


field  of  view,  Aa  is  one  of  the  transit  wires,  and  Dd  is  the 
middle  wire.  Transits  are  taken  at  Aa  and  Dd,  after  which 
the  instrument  is  reversed.  After  the  reversion,  whereby  Aa 
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comes  to  A' a  and  Dd  to  D'd',  a  transit  is  taken  at  A' a'.  Let  0 
be  the  time-interval  from  A  to  D,  and  &  that  from  D  to  A'. 
Then,  according  to  the  figure,  &  —  0  is  the  time  of  describing 
DD',  and  if  S  be  the  star's  polar  distance, 

half  the  small  arc  DD'  =  +  15(^~6>)  sin  g, 

which  is  the  correction  of  collimation  of  Dd.  If  the  interval  0  be 
greater  than  ff,  the  positions  of  Dd  and  D'cZ'  would  be  reversed, 
and  the  sign  of  the  collimation-correction,  as  also  that  of  the 
above  formula,  would  be  changed.  When  the  star  is  below  pole,  the 
apparent  path  is  in  the  opposite  direction,  and  the  sign  of  the 
formula  is  changed  on  this  account.  Hence  for  the  position  the 
telescope  had  before  the  reversion,  the  general  expression  for 
the  collimation-correction  of  Dd  is 

,  15  (0'  -  6}   . 
±  — ^ sm  ^ 

the  +  or  —  sign  applying  according  as  the  star  was  above  or  below 
pole.  For  the  position  after  the  reversion  the  same  formula  is 
to  be  used,  with  the  signs  +  changed. 

Mechanical  correction  of  Level  Error  by  the  Spirit-level. 

67.  Level  Error,  which  may  be  defined  to  be  deviation  of 
an  axis  of  motion  from  horizontality,  may  be  corrected  either 
by  means  of  a  plumb-line,  or  a  Spirit-level.  The  former  method 
will  eventually  come  under  consideration,  but  since,  as  respects 
the  transit  instrument,  the  other  is  most  commonly  used,  it  will 
suffice  to  give  here  only  an  account  of  the  construction  of  the 
Spirit-level,  and  the  mode  of  using  it.  It  consists  mainly  of  a 
cylindrical  piece  of  glass  in  which  is  formed  a  uniform  bore, 
nearly  filled  with  spirit  or  ether,  and  closed  at  both  ends.  The 
axis  of  the  bore  is  slightly  curved,  so  as  to  be  a  small  part  of  a 
circle  of  large  diameter.  There  exist  mechanical  means  of 
satisfying  with  great  exactness  the  conditions  required  for 
trustworthy  indications  of  the  Level,  namely,  that  the  trans- 
verse section  of  the  bore  be  uniform,  and  its  axis  be  of  uniform 
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curvature  in  one  plane.  The  sensibility  of  the  Level  is  inversely 
proportional  to  the  curvature  of  the  bore,  and  it  is,  therefore, 
desirable  to  obtain  a  measure  of  the  amount  of  this  curvature. 
The  following  process  gives  the  means  of  doing  this.  In 
Figure  16,  0  is  the  centre  of  curvature  of  the  upper  boundary 

Fig.  16. 


of  a  section  of  the  bore  by  a  vertical  plane  containing  the  axis, 
and  Oc  drawn  vertically  upwards  passes  through  the  central 
point  of  the  bubble  db,  which,  as  being  the  space  not  rilled  with 
the  fluid,  occupies  the  uppermost  part  of  the  bore.  The  tube 
being  supposed  to  receive  a  small  angular  displacement  in  the 
direction  from  A  towards  B,  whereby  the  bubble  is  made  to 
pass  from  the  position  a'b'  relative  to  the  bore  to  the  position 
db,  let  Oc  be  drawn  bisecting  the  original  interval  between  the 
ends  of  and  b'  of  the  bubble.  The  motion  may  be  assumed  to 
take  place  wholly  about  the  centre  of  curvature  0,  because  if 
that  point  were  carried  by  the  disturbance  to  some  position  0', 
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it  may  be  conceived  to  be  brought  back  to  0  by  a  motion  of 
translation,  without  change  of  the  place  of  the  bubble  in  the 
tube.  From  these  explanations  it  will  be  seen  that 

a  a  =  b'b  =  cc, 

and  that  if  Oc  =  r  and  the  L  c  Oc  —  a,  we  have  ra  =  cc.  Hence  r 
may  be  calculated  if  a  and  cc  be  given.  Taking,  for  example, 
the  Spirit-level  of  the  Cambridge  transit  instrument,  let  cc  be 
the  interval  between  the  scale  divisions,  which  is  one-tenth  of 
an  inch.  Then,,  the  corresponding  value  of  a.  in  arc  having  been 
ascertained  to  be  1",3  (by  means  that  will  be  subsequently 
stated),  we  have  for  calculating  the  value  of  r, 

Oin,l  x  206265 

•- — w — • 

which  will  be  found  to  be  1322  feet.  This  length,  the  inverse 
of  which  measures  the  curvature  of  the  axis  of  the  bore,  indicates 
a  high  degree  of  sensibility  of  the  Level1. 

68.  In  order  that  a  Spirit-level  may  be  applied  for 
measuring  small  inclinations  to  a  horizontal  plane,  it  is  ne- 
cessary that  the  position  of  the  bubble  which  corresponds  to 
horizontality  should  either  be  actually  marked,  or  should  be 
implicitly  determined.  This  may  be  called  the  adjustment  of 
the  Level.  Let  us,  at  first,  suppose  the  Level  to  have  an 
adjusting  screw  and  marks,  but  no  scale;  which  is  the  case  of 
most  of  the  Spirit-levels  pertaining  to  small  or  auxiliary  in- 
struments. In  Figure  17  (1)  and  (2),  such  a  Level  is  represented 
in  reverse  positions,  with  marks  on  the  glass  tube  and  an 
adjusting  screw  at  8.  In  (1)  the  Level  is  applied  to  the 
plane  db,  m  and  n  are  the  bubble-ends,  after  the  bubble  is 
brought  by  turning  the  screw  (which  alters  only  the  inclination 
of  the  glass)  to  be,  according  to  the  judgment  of  the  eye,  in 
mid-position  relatively  to  the  marks,  and  ac  is  a  straight  line 

1  In  the  observations  made  by  W.  Struve  for  determining  the  constant  of 
aberration  with  a  transit  instrument  in  the  prime  vertical,  a  Spirit-level  was 
used,  the  sensibility  of  which  was  measured  by  a  radius  of  1527  feet,  the  scale- 
interval  being  one  French  ligne  (=0,0888  in.)  and  its  value  in  arc  not  sensibly 
differing  from  I".  (See  Astronamische  Naclirichten,  1844,  No.  468,  col.  202.) 


58 


PRACTICAL  ASTRONOMY. 


drawn  parallel  to  the  tangent  to  the  bubble  at  its  lowest  point, 
and  therefore  horizontal.  Conceiving  the  line  ac  to  be  fixed, 
relative  to  the  brass  case  containing  the  glass,  we  may  take  ad 


Fig.  17. 


d 


(1) 


(2) 


(3) 


and  cb  to  be  legs  supporting  the  Level ;  and  drawing  be  hori- 
zontally, the  angle  dbe  of  inclination  of  the  plane  to  the  horizon, 
which  the  Level  is  required  to  indicate,  will  be  subtended  by  de 
the  excess  of  cb  above  ad.  Now  let  the  Level  be  reversed. 
Then,  as  shewn  in  (2),  on  applying  it  to  the  same  plane  db, 
ac  comes  to  cV,  ad  to  ab}  cb  to  cd,  and  the  bubble-ends  move 
up  to  the  positions  m'  and  ri.  This  movement  of  the  bubble, 
being  due  to  the  angular  change  of  position  of  ac,  measures  the 
inclination  of  ac  to  the  horizon.  Draw  be.  horizontal,  and 
bf  parallel,  to  ac'.  Then  fd  =  c'd  —  ab  =  cb  —  ad  =  de  =  de'. 
Consequently  the  angle  fbe,  which  is  equal  to  the  inclination 
of  c'a'  to  the  horizon,  is  double  the  L  dbe  of  inclination  of  the 
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plane.  Hence  if  the  bubble  be  brought  half-way  back  by 
turning  the  screw,  its  deviation  from  mid-position  will  measure 
an  inclination  to  the  horizon  equal  to  that  of  the  plane,  and 
will,  therefore,  indicate  truly.  If  after  this  adjustment  the 
Level  be  applied  to  a  plane  in  reverse  positions,  the  places  of 
mark  and  bubble-end,  both  on  the  right-hand  and  on  the  left- 
hand,  should  be  the  same  after  as  before  the  reversion.  If  this 
condition  be  not  satisfactorily  fulfilled,  the  operation  for  ad- 
justing the  Level  must  be  repeated.  It  is  evident  that  after 
completing  the  adjustment,  a  plane  is  shewn  to  be  horizontal 
if,  when  the  Level  is  applied  to  it,  the  bubble  stands  in  a 
central  position  relatively  to  the  marks. 

69.  We  have  now  to  take  the  case  of  a  Level  which, 
instead  of  having  marks,  has  scales  of  equal  parts  so  placed 
that  the  positions  of  the  bubble-ends  may  be  read  off  in  scale- 
intervals.  Figure  17  (3)  and  (4)  will  answer  the  purpose  of 
describing  the  construction  and  mode  of  using  such  a  Level, 
although  the  drawings  were  not  made  to  represent  any  par- 
ticular instance.  There  are  two  ways  of  arranging  the  scales 
for  recording  positions  of  the  bubble-ends :  (1)  the  graduation 
is  along  the  edge  of  a  single  ivory  plate  fastened  to  the  brass 
case  of  the  Level  in  such  manner  that  the  edge  is  parallel  and 
close  to  the  axis  of  symmetry  of  the  part  of  the  surface  of  the 
glass  tube  which  is  left  uncovered  for  seeing  the  bubble.  In 
this  arrangement  the  graduation-readings  increase  alike  in  both 
directions  from  a  fixed  zero  which  is  situated  at,  or  near,  the 
centre  of  the  aperture.  This  is  the  case  of  most  Levels  not  of 
large  size.  (2)  Two  scales  a  and  b  are  graduated,  as  represented 
in  Figure  17  (3),  along  their  edges,  and  can  be  shifted  by  hand 
on  the  bar  cd,  which  is  fastened  to  the  brass  covering  of  the 
Level.  According  to  this  arrangement,  which  allows  of  putting 
the  scales  on  each  occasion  of  levelling  in  positions  suitable  for 
reading  off,  a  small  number  of  graduation-intervals  suffices. 
On  each  scale  the  graduation-numbers  increase  in  the  direction 
from  the  middle  of  the  bubble  towards  the  end.  In  the  cases 
of  both  arrangements  the  graduation  on  one  side  of  the  ivory  is 
the  counterpart  of  that  on  the  other,  for  the  sake  of  reading  off 
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alike  in  reverse  positions  of  the  Level  without  change  of  position 
of  the  observer. 

70.  Taking  first  the  case  of  a  fixed  graduation-scale,  let  x 
and  y  be  the  scale-  readings  for  the  bubble-ends  before  inverting 
the  Level,  and  let  x  and  y  be  the  readings  in  the  same  direc- 
tions as  x  and  y  respectively  after  the  inversion.  Then  if  h  be 
the  scale-measure  of  the  angle  made  by  the  plane  to  which  the 
Level  is  applied  with  a  horizontal  plane,  and  the  index  errors 
for  the  arbitrarily  selected  positions  of  the  scales  be  a  and  6,  we 
shall  have  from  the  readings  before  and  after  the  inversion 
respectively, 

2fc=(a  +  a;)-(&  +  y)  and  2A  =  (b  +  x)  -  (a  +  y'}, 

the  reading  for  one  bubble-end  being  as  much  increased  or 
diminished  by  a  change  of  level  as  that  for  the  other  is  dimin- 
ished or  increased,  and  the  index  errors  being  the  same  for  the 
same  halves  of  the  scale  in  both  positions  of  the  Level.  By 
adding  the  two  equations  a  and  b  are  eliminated,  and  the  result 


s 


Hence,  as  the  bubble  runs  towards  more  elevated  parts,  ac- 
cording as  h  is  positive  or  negative,  the  plane  is  inclined 
upwards  or  downwards  in  the  direction  in  which  the  #'s  are 
measured.  If  by  turning  the  adjusting  screws  (in  the  manner 
indicated  below  in  Art.  71)  the  reading  for  the  bubble-end  in 

y>      I     y! 

the  ^-direction  be  made  — ^ — ,   the  reading  for  that  in  the 

2i 

v-direction  becomes      0     ;   and  accordingly  the  Level  is  ad- 

2t 

justed  so  that  on  applying  it  to  any  plane,  half  the  excess  of 
one  reading  above  the  other  measures  the  angle  of  elevation  of 
the  plane  on  the  side  of  the  greater  reading,  and  the  plane 
would  be  shewn  to  be  horizontal  by  equal  readings. 

71.     Figure  17  (4),  which  represents  a  vertical  section  of 
that  support  of  the  Level  in  which  the  screw  e  works,  shews  the 
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apparatus  by  which  a  change  of  inclination  of  the  glass  tube  is 
effected.  A  piece  of  brass  ft  in  close  contact  with  the  vertical 
sides  of  the  concealed  aperture  ght  is  attached  to  one  end  of  the 
glass  tube,  and  is  held  in  position  by  the  screw  ey  and  an 
antagonist  screw,  the  capstan-head  of  which  is  situated  within 
a  rectangular  aperture  cut  through  the  brass  support.  It  is 
evident  that  by  this  contrivance,  when  one  screw  is  turned  to 
take  off  its  bearing,  by  the  action  of  the  other  the  piece  ft 
together  with  the  connected  end  of  the  tube,  may  be  either 
elevated  or  depressed.  After  the  bubble  has  been  brought  by 
these  operations  into  the  position  proper  for  the  adjustment  of 
the  Level  (see  Art.  70),  both  screws  should  be  made  to  bear  on 
f. — The  same  figure  exhibits  also  the  form  of  the  Y  at  the  foot 
of  each  support  of  a  Level  of  this  kind,  which  is  called  a  striding 
Level. 

72.  When  there  are  two  movable  scales,  after  taking,  as 
before,  bubble-end  readings  in  reverse  positions  of  the  Level, 
we  can,  by  shifting  the  scales,  make  the  reading  in  the  X  - 

direction  equal  to  — ^—  ,  and  that  in  the  y  -  direction  equal  to 

Then  so  long  as  the  scales  retain  the  positions  thus 

given  to  them,  the  level  error  might  be  inferred  from  scale-read- 
ings for  the  bubble-ends  just  as  in  the  case  of  the  adjusted  fixed 
scale  considered  in  Art.  70.  Suppose  now  the  Y's  at  the  feet  of 
the  Level  (Art.  71)  to  be  applied  to  the  cylindrical  pivots  of  a 
transit  instrument,  and  from  bubble-end  readings  thus  obtained, 
let  the  positions  of  the  scales  be  altered  in  the  manner  just 
indicated.  Then  by  turning  the  screws  provided  for  correcting 
the  Level  error  of  the  instrument  (see  Art.  46),  the  readings  for 
the  bubble-ends  may  be  made  equal ;  which  being  done,  the 
Level  error  would  be,  at  least  approximately,  corrected.  It 
might,  however,  happen  that  after  these  operations  the  bubble 
would  not  be  in  mid-position  relatively  to  the  aperture  in  the 
brass ;  and  since  it  is  desirable,  as  regards  the  process  of 
levelling,  that  this  condition  should  be  nearly  fulfilled,  the 
adjusting  screws  of  the  Level  have  to  be  turned  for  this  purpose. 
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After  these  initial  approximate  adjustments  both  of  the  Level 
and  of  the  axis  of  motion  of  the  transit  instrument,  there  is  no 
need,  so  long  as  the  Level  error  continues  of  small  amount,  to 
take  into  consideration  index  errors  of  the  scales,  provided  always 
the  Level  error  be  calculated,  according  to  the  formula  for  h 
given  in  Art.  70,  from  readings  taken  in  reverse  positions  of 
the  Level.  After  any  pair  of  such  readings,  the  places  of  the 
scales  might  be  altered  ad  libitum  for  the  sake  of  convenience 
in  reading  off. 

73.  On    the   supposition    that    the    pivots    of    a   transit 
instrument  are  exactly  cylindrical  and  equal,  the  process  for 
determining  the  Level  error  by  a  Spirit-level  is  unaffected  by  any 
small  inequality  either  of  the  angles  of  the  Y's  of  the  piers,  or 
of  the  angles  of  the  Y's  of  the  Level.     For  if  the  former  angles 
are  unequal,  the  axis  of  motion  will  still  have  a  fixed  position, 
the  same  after  as  before  a  reversion,  and  its  inclination  to  a 
horizontal  plane  is  determined  by  the  usual  mode  of  applying 
the  Level ;  and  if  the  angles  of  the  Y's  of  the  Level  are  unequal, 
the  displacement  of  the  bubble  due  to  that  circumstance  in 
either  the  a?  or  the  y  direction  before  the  inversion  of  the  Level 
will  be  just  equal,  and,  as  respects  the  graduation,  opposite  to 
the  displacement  after  inversion.     Hence  the  sums  x  +  x  and 
y  +  y\  and  consequently  the  calculation  of  Level  error,  will  be  the 
same  as  if  the  inequality  did  not  exist.     This  reasoning  shews 
the  necessity  of  always  determining  Level  error  by  readings 
taken  in  reverse  positions  of  the  Level,  as  the  angles  of  its  Y's 
can  only  be  supposed  to  be  approximately  equal. 

74.  But   it   is   possible   that  the    determination   may  be 
affected  by  inequality  in  the  size  of  the  cylindrical  pivots,  and  to 
make  the  logic  of  the  method  complete,  it  is  required  to  indicate 
means  of  correcting  any  error  that  may  be  due  to  this  cause. 
The  purpose  of  the  following  reasoning  is  to  obtain  a  formula  for 
calculating  such  correction.     In  Figure  18,  ABE' A  is  a  trans- 
verse section  of  either  cylindrical  pivot,  cutting  its  axis  in  0 ; 
the  z  BHA  (=  2a)  is  the  angle  of  the  Y  of  the  Level,  and  the 
z  B  H'A  (=  2a')  is  the  angle  of  the  Y  of  the  pier  (both  supposed 
to  be  known  bv  actual  measurement),  and  a  common  vertical 
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line  HOH'  bisects  both  angles.     Hence,  HA  being  a  tangent  to 
the  circle  at  A,  OH—  OA  cosec  a.      So  also   OH'  =  OA  cosec  a'. 


Let  8  .  OA  be  the  difference  of  the  radii  of  the  pivots,  8  .  OH1 
the  consequent  difference  of  elevation  of  the  axes  of  the  pivots, 
and  8 .  OH  the  consequent  difference  of  elevation  of  the 
corresponding  ends  of  the  Level  above  the  common  axis  of  the 
pivots.  Then, 

S .  OH  _  8 .  AO  cosec  a  _  cosec  a  _  . 
S.OH'~S.AO  coseca'  ~~  cosec  a'  ~   ' 

k  being  a  known  quantity  because  a  and  a'  are  known.  Next 
let  x  +  y  be  the  true  Level  error  of  the  axis  of  the  transit 
instrument  in  scale-measure  before  reversing  it,  y  being  the  part 
due  to  inequality  of  the  pivots.  Then  as  only  this  part  changes 
sign  by  the  reversion  (Art.  73),  the  true  Level  error  after  the 
reversion  is  x  —  y.  Now  8 .  OH',  as  expressed  in  scale-measure,  is 
the  portion  of  Level  error  due  to  inequality  of  the  pivots,  and  is 
therefore  equal  to  y.  Hence  8.  OH,  expressed  in  the  same 
measure,  is  ky.  By  this  quantity  the  effect  of  the  inequality  of 
the  pivots  on  the  inclination  of  the  axis  is  apparently  increased, 
because  of  the  simultaneous  effect  in  the  same  direction  on  the 
inclination  of  the  Level.  Let,  therefore,  m  and  n  be  apparent 
Level  errors  obtained,  by  calculating  according  to  the  formula  for 
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h  in  Art.  70,  from  indications  of  the  Spirit-level  in  inverse 
positions  recorded  before  and  after  the  reversion  of  the  instru- 
ment. Then,  since  x  -H  y  and  x  —  y  are  the  true  Level  errors 
before  and  after  the  reversion,  we  shall  have 

ky,  n=x—y—  Icy. 


These  equations  give  for  the  value  of  %,  •—-  -  =-^,  which  is  the 

-  Kj 


formula  for  calculating  the  correction  for  inequality  of  the 
pivots,  inasmuch  as  ky  subtracted  from  m  gives  the  true  level 
error  before  the  reversion,  and  added  to  n  gives  the  same  after 
the  reversion.  As  the  pivots  are  made  by  mechanical  construc- 
tion as  nearly  equal  as  possible,  this  correction  will  at  first  be 
of  very  small  amount,  and  will  afterwards  only  change  slowly 
by  unequal  wear  of  the  pivots.  It  should,  therefore,  be  deter- 
mined by  repeated  trials,  le  veilings  being  taken  for  that  purpose 
before  and  after  each  reversion,  and  a  value  of  the  correction 
(apart  from  its  sign)  should  be  calculated  from  each  trial.  The 
adopted  value  may  then  be  the  mean  of  several  determinations. 
The  proper  sign  of  the  correction,  as  respects  the  transit  obser- 
vations, will  presently  come  under  consideration. 

75.  As  the  formula  for  h  in  Art.  70  gives  the  Level  error  in 
scale-intervals,  it  is  necessary,  in  order  to  express  this  quantity 
in  celestial  arc,  to  find  the  value  in  arc  of  the  unit  of  the  scale. 
In  an  observatory  furnished  with  a  Mural  Circle,  the  readiest 
method  of  doing  this  is  to  attach  the  spirit-level  firmly  to  the 
top  of  the  circle,  and  after  noting  the  scale-readings  of  the 
bubble-ends  in  two  positions  of  the  circle  separated  by  an  arc 
ascertained  by  microscopic  reading  of  the  graduation  (as  here- 
after described)  in  each  position,  to  compare  this  arc  with  the 
difference  of  the  Level  readings.  The  value  of  the  scale-interval 
may  then  be  calculated  by  a  simple  proportion.  (In  this  man- 
ner Mr  Airy  obtained  on  October  10,  1834,  the  value  1",3 
mentioned  in  Art.  67,  having  previously  adopted  1",0  on  the 
authority  of  the  maker  of  the  Level.)  It  is  evident  that  with 
the  same  means  the  regularity  of  the  indications  of  a  Level 
might  be  tested  by  comparisons  of  its  readings  with  a  series  of 
corresponding  circle  readings  differing  by  a  constant  arc. 
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76.  If  these  means  should  not  be  available,  the  required 
information  may  be  obtained,  although  less  perfectly,  by  an 
instrument  called  a  Bubble-trier,  constructed  in  the  following 
manner.     A  brass  bar,  resting  at  one  end  on  two  legs  at  the 
extremities  of  a  short  cross-piece  forming  with  it  a  T-shaped 
frame,  is  tapped  at  the  other  end  for  a  screw  to  work  in,  which 
serves  for  a  third  leg.     The  intermediate  part  is  furnished  with 
two  Y-supports  on  which  the  glass  tube  with  its  attached  scale 
is  placed.     When  the  instrument  rests  with  its  three  feet  on 
a  horizontal  plane,  the  screw  by  being  turned  alters  the  eleva- 
tion of  the  end  in  which  it  works,  and  consequently  the  inclina- 
tion of  the  tube  to  the  plane  and  the  place  of  the  bubble.     Also 
to  the  stem  of  the  screw  is  attached  a  graduated  circular  disk, 
the  angular  movement  of  which  is  read  off  from  the  graduation 
by  the  vertical  edge  of  a  brass  index  contiguous  to  the  circum- 
ference of  the  disk  and  fixed  to  the  bar.     The  purpose  of  the 
instrument  is  to  compare  arbitrary  equal  angular  movements  of 
the  disk  as  indicated  by  the  graduation,  and  by  consequence 
equal  differences  of  inclination  of  the  Level,  with  the  corre- 
sponding differences  of  scale-readings  for  the  bubble-ends.     If 
the  latter  differences  be  equal  as  well  as  the  other,  the  perform- 
ance of  the  Level  is  satisfactory.     The  maker  of  the  instrument 
also  arranges  the  graduation  of  the  disk,  with  reference  to  the 
ratio  of  the  interval  between  the  turns  of  the  screw  to  the  length 
of  the  bar,  in  such  manner  that  differences  of  readings  from  the 
disk  give  the  actual  differences  in  arc  of  the  inclination  of  the 
Level.     It  is  evident  that  by  this  apparatus  the  value  of  the 
scale-interval  in  arc  may  also  be  determined. 

77.  The  sign  of  the  correction  for  inequality  of  the  pivots 
is  determined  by  the  following  considerations.     In  the  expres- 
sion -~^  ~  !^  for  Icy  obtained  in  Art.  74,  m  and  n  are  the  values 

&  \\.  +  K) 

of  the  level-correction  h  before  and  after  the  reversion  of  the 
instrument  (as  obtained  by  the  process  exhibited  by  the  example 
given  in  the  next  article),  and  the  difference  between  m  and  n 
depends  only  on  the  inequality  of  the  pivots.  According  as  m 
c.  5 
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is  greater  or  less  than  n,  the  plane  of  collimation  is  more  east- 
ward before  than  after  the  reversion,  and  the  pivot  that  was 
westward  before  the  reversion  is  greater  or  less  than  the  other, 
inasmuch  as  the  eastward  deviation  of  that  plane  is  greater  the 
greater  the  westward  pivot.  This  rule  determines  which  is 
the  greater  pivot.  For  instance,  as  respects  the  Cambridge 
instrument,  it  was  found  by  many  trials  made  before  and  after 
the  date  of  the  subjoined  example,  that  the  smaller  pivot  is 
that  at  the  end  perforated  for  the  illumination  apparatus.  When 
therefore  this  end  is  eastward,  the  inequality  increases  the 
apparent  amount  of  the  level-correction  (h)  partly  by  increasing 
the  inclination  of  the  instrument  and  partly  by  increasing  the 
inclination  of  the  Level.  The  latter  part  only  requires  to  be 
corrected,  which  is  done  by  calculating  its  amount  according  to 
the  expression  for  ley  above,  from  data  obtained  at  several 
reversions  of  the  instrument,  and  applying  an  adopted  mean 
value  with  a  negative  sign  (see  Art.  74).  When  the  smaller 
pivot  is  westward,  the  correction  is  the  same  with  contrary  sign. 
Thus  for  the  Cambridge  instrument  the  correction  for  inequality 
of  the  pivots  is  negative  or  positive  according  as  the  illumination- 
end  of  the  axis  is  eastward  or  westward. 

78.  I  propose  to  give  an  example  of  the  calculation  of  level- 
error  from  data  furnished  by  the  spirit-level,  after  making  the  fol- 
lowing preliminary  statements.  First,  the  Level  has  a  small  cross- 
level  attached  to  it  near  one  end,  with  marks  on  the  glass  for 
putting  its  bubble  in  mid-position.  This  is  done  before  every 
scale-reading  of  the  large  Level,  in  order  that  the  plane  of  the 
axis  of  its  bore,  if  not  exactly  vertical,  may  deviate  from 
verticality  always  to  the  same  amount,  that  thus  the  readings 
may  be  all  consistent  with  each  other.  [The  same  use  should 
be  made  of  the  cross-level  in  determining  the  value  of  the  scale- 
interval  by  the  method  described  in  Art.  75.]  Also  this  cross- 
level  gives  the  means  of  indicating  the  position  of  the  large 
Level  as  to  East  and  West.  Again,  it  is  usual,  for  greater 
certainty,  to  infer  the  level  error  from  several  sets  of  double 
levellings,  and  accordingly,  as  may  be  seen  from  the  expression 
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for  h  in  Art.  70,  if  there  be  n  such  sets,  the  mean  value  h  is 
given  by  the  equation 


If  we  now  assume,  regard  being  had  (as  in  Art.  57)  to  the  effect 
of  the  inclination  of  the  axis  on  the  time  of  a  transit  above  pole, 
that  this  angle  is  positive  or  negative  according  as  the  West  or 
East  end  of  the  axis  is  highest,  the  cc-readings  will  pertain  to  the 
west  end  of  the  bubble,  because  the  bubble  rises  towards  higher 
parts,  and  the  sign  of  h  will  be  that  proper  for  correcting  the 
effect  of  the  error.  After  these  explanations  the  subjoined 
instance  of  calculating  the  correction  of  level  error  from  data 
extracted  from  the  records  of  the  Cambridge  Observatory  will  be 
easily  understood. 

1850,  Oct.  21,  2h.     Illumination-end  of  the  axis  Eastward. 


East  reading.                 West  reading. 

d. 

d. 

Cross  Level  E  
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,  * 
10  1 

.   11,3 

W.  . 

7.9 

.  13.0 

Hence  h  =  ^  ' x  ^ '  y  =  1*,50  =  1",95,   because    1*=  1",3. 

The  correction  is  thus  shewn  to  be  positive,  the  sum  of  the  West 
readings  being  greater  than  the  sum  of  the  East  readings.  By 
a  reversion  of  the  instrument  on  July  16,  1850,  the  amount 
of  correction  for  inequality  of  the  pivots  was  found  to  be 
0",408,  and  by  a  reversion  on  May  6,  1851,  0",491.  Adopting 
the  mean  of  these  for  application  to  the  levelling  on  Oct.  21, 
1850,  applying  it  with  a  negative  sign  because  the  illumination- 
end  was  eastward,  and  including  the  correction  —  0",20  for  diurnal 
aberration,  the  concluded  level-correction  is 

+  1",95  -  0",4.5  -  0",20  =  +  1",30. 

5—2 
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79.  In  order  further  to  ascertain  the  character  of  this 
correction  for  inequality  of  the  pivots,  I  subjoin  here  the  values 
obtained  for  it  in  the  use  of  the  Cambridge  transit  instrument 
from  1828  to  1854.  In  every  instance  the  correction  is  given 
for  the  case  of  illumination-end  eastward. 

Year.  Correction.     Year.  Correction.      Year.  Correction. 

1828 +0,18  1843  -0,331  1849  -0,48 

1829  +0,13  1844  -0,28  1850  -0,53 

1837  -0,04  1845  -0,26  1851  -0,49 

1839  -0,10  1846  -0,22  1852  -0,68 

1842 -0,19  1847  -0,22  1854  -0,62 

The  first  two  values  were  obtained  by  my  predecessor  Mr 
Airy,  the  others  by  myself.  That  opposite  the  year  1843  was 
considered  doubtful,  as  being  the  mean  of  three  discordant 
values.  The  continuous  change  of  value  is  most  probably  to  be 
ascribed  to  dissimilar  wear  of  the  pivots  due  partly  to  turning 
the  instrument  for  observing,  and  partly  to  the  application  of 
the  Y's  of  the  level  to  the  pivots  in  the  operation  of  levelling, 
which  was  most  commonly  performed  with  the  telescope 
horizontal  and  pointing  southward.  By  levellings  taken  in 
1838  and  1839  with  the  telescope  inclined  from  the  Zenith  45° 
northward  or  southward  I  found  that  the  additional  correction 
+  0",30  was  required.  These  circumstances  all  point  to  the 
desirability  of  being  able  to  calculate  the  level  error  by  some 
method  that  shall  be  independent  of  the  form  of  the  pivots,  and 
not  require  the  use  of  the  spirit-level.  Such  a  method  I  put 
in  practice  at  the  beginning  of  1850,  making  use  also  from  that 
time  of  the  collimating  eye-piece  for  determinations  both  of 
collimation  error  and  level  error.  The  spirit-level  was  used  as 
an  auxiliary  to  the  end  of  1854,  but  the  adopted  level  errors 
virtually  rested  on  data  furnished  by  the  collimating  eye-piece. 
After  1854  the  use  of  the  spirit-level  was  wholly  discontinued. 
The  above-mentioned  method  of  making  the  transit-observations 
independent  of  the  forms  of  the  pivots  cannot  be  fully  described 
till  the  meridian  or  azimuth  error  has  been  under  consideration. 
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It  will  also  be  previously  necessary  to  describe  the  collimating 
eye-piece,  and  the  method  of  using  it  for  determinations  of 
collimation  and  level  errors,  which  I  now  proceed  to  do. 

The  Collimating  Eye-piece. 

80.  This  important  auxiliary  instrument,  which  enables 
the  observer  to  obtain  instrumental  corrections  exclusively  by 
optical  means,  was  the  invention  of  Bohnenberger  of  Tubingen, 
who  has  given  a  description  of  it  in  the  Astronomische  Nach- 
richten  (Band  iv.,  1826,  col.  327 — 336.)  My  attention  was  first 
called  to  it  by  Henderson,  late  Astronomer  Royal  at  the  Cape 
of  Good  Hope,  who  brought  me  a  specimen  (made  apparently 
according  to  the  above-mentioned  description),  having  a 
metallic  reflector  with  a  hole  at  the  centre,  through  which  the 
wires  and  their  reflected  images  were  looked  at  with  a  Ramsden 
eye-piece.  On  trial  I  found  this  construction  to  be  extremely 
inconvenient  on  account  of  the  limited  field  of  view,  and  the 
small  interval  between  the  eye-glass  and  the  wires,  rendering  it 
difficult  to  hold  a  lamp  for  throwing  light  upon  the  reflector. 
On  mentioning  these  circumstances  to  the  late  William  Simms, 
he  constructed  for  me  the  instrument  represented  by  Figures 
19  and  20,  in  which  a  three-glass  eye-piece  is  substituted  for 
the  Ramsden  eye-piece,  and  for  the  metallic  reflector  a  piece  of 
plate  glass,  the  reflection  from  which,  as  will  presently  be 
explained,  gives  the  means  of  seeing  the  wires  together  with  their 
reflected  images  with  quite  sufficient  distinctness.  By  these 
changes  the  above-stated  inconveniences  were  entirely  removed. 
As  far  as  I  am  aware  the  collimating  eye-piece  has  since  been 
uniformly  made  according  to  this  pattern.  I  brought  it  into  use 
in  the  Cambridge  Observatory  in  the  year  1850 ;  the  next  year 
it  was  adopted  at  Greenwich,  when  the  new  Transit-circle  was 
first  made  use  of.  It  had  already  attracted  the  attention  of 
Bessel,  Gauss,  and  Lamont,  but  had  not,  I  believe,  been 
definitively  employed  for  exact  determinations  relating  to 
meridian  observations  with  the  transit  instrument  and  mural 
circle,  before  I  made  such  application  of  it  at  the  Cambridge 
Observatory. 
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81.  Figure  19  represents  the  collimating  eye-piece  detached 
from  the  telescope  ;  d  is  the  plate-glass  reflector,  seen  through 
an  aperture  made  in  the  tube  to  allow  the  light  from  an  ex- 
ternal lamp  to  fall  on  the  reflector;  m  and  n  are  two  small 
milled  heads,  one  for  turning  the  reflector  to  the  required  angle 
of  inclination,  and  the  other  for  acting  by  a  screw  to  fix  it  when 
put  in  position.  Figure  20  exhibits  a  vertical  section  of  the 
telescope  and  attached  collimating  eye-piece,  made  by  a  plane 
containing  the  common  axis,  and  cutting  at  right  angles  the 
plane  of  the  plate-glass  reflector  D.  H  is  a,  lamp,  the  light  of 
which,  being  incident  horizontally  on  the  reflector  adjusted  to 
an  inclination  of  45°  to  the  axis  of  the  telescope,  is  sent  down  as 
a  divergent  beam  to  the  object-glass  FOF,  after  transmission 
through  which  it  is  reflected  at  the  surface  of  mercury  in  the 
trough  GGr.  At  a  is  a  portion  of  a  micrometer-wire  situated  at 
the  geometrical  focus  of  the  object-glass,  and  movable  by  the 
micrometer-head  M  and  opposing  spring  at  N.  Regarding,  for 
the  moment,  the  telescope  as  a  collimator  furnished  with  a 
wire  at  a,  if  there  were  another  collimator  pointing  oppositely 
to  this  in  a  direction  parallel  to  its  axis,  a  dark  image  of  the 
wire  at  a  would  be  formed  at  the  focus  of  the  second  collimator 
precisely  in  the  manner  explained  in  Art.  54.  But  by  the  reflec- 
tion at  the  mercury  the  rays  that  go  to  form  this  image  are 
turned  into  the  contrary  direction,  so  that  the  telescope  becomes, 
in  fact,  its  own  collimator,  and  the  image  is  formed  at  the 
position  a'.  0  being  the  optical  centre  of  the  object-glass,  Oa 
is  the  axis  of  the  incident  centrical  pencil,  Oa  that  of  the 
reflected  centrical  pencil,  and  by  reason  of  the  reflection  Oa 
and  Oa  make  equal  angles  with  the  vertical  direction  through 
0.  The  wire  at  a  and  the  image  at  a  are  both  seen  distinctly 
with  the  collimating  eye-piece,  provided  the  wire  be  accurately 
at  the  geometrical  focus  of  the  object-glass  (see  next  Art.). 
Figure  20  represent  the  form  of  a  pencil  by  which  a  point  of 
the  image  is  seen,  its  course  being,  first,  through  the  plate-glass 
Z>,  then  through  the  third  lens  C,  the  second  lens  B,  and  the 
first  lens  A,  to  the  eye  at  E.  This  may  be  called  a  negative 
pencil,  as  originating  in  a  stoppage  of  light  from  the  lamp  by 
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Fig.  19.  Fig.  20. 
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the  wire  at  a.  At  the  same  time  this  wire,  by  reason  of  the 
incidence  of  the  light  upon  it,  might  be  expected  to  be  seen  by 
the  eye  at  E  by  positive  reflected  pencils.  This  is  found  to  be 
the  case  when  the  telescope  is  directed  to  the  dark  sky.  (I 
have,  in  fact,  taken  advantage  of  this  circumstance,  by  making 
use  of  the  collimating  eye-piece  to  illuminate  wires  in  a  dark 
field  for  taking  transits  of  faint  objects  (see  Art.  37).  This 
twofold  manner  of  viewing  the  wires  has  given  occasion  to 
misconception  in  some  published  accounts  of  the  use  of  this 
instrument.)  But  when  the  telescope  is  directed  to  the  trough 
of  mercury,  the  moment  the  light  reflected  from  the  surface  of 
the  mercury  illumines  the  field,  the  wires  appear  dark  on  a 
bright  ground,  because  the  very  small  amount  of  light  that  can 
be  reflected  from  fine  cylindrical  wires  is  extinguished  by  the 
flood  of  the  reflected  light.  Thus  the  wire  at  a  and  the  image 
at  a  are  both  viewed  by  negative  pencils,  and  under  favourable 
circumstances  I  have  seen  them  so  nearly  alike,  as  to  blackness 
and  definition,  that  it  was  hard  to  distinguish  one  from  the 
other.  This,  however,  occurred  with  the  telescope  of  the  mural 
circle,  but  in  no  instance  with  that  of  the  transit  instrument, 
owing  probably  to  some  fault  in  the  optical  conditions  of  the 
lenses  of  the  object-glass. 

82.  The  optical  effect  produced  by  the  collimating  eye- 
piece may  now  be  distinctly  stated.  In  order  that  the  Figure 
might  not  be  too  complicated,  the  negative  pencil  from  a  is 
represented  only  by  its  axis,  which  is  exactly  analogous  to  that 
of  the  negative  pencil  from  a'.  Both  the  wire  at  a  and  the 
image  at  a  are  to  be  regarded  as  origins  of  pencils  which  by 
means  of  the  lens  at  C,  and  the  limiting  diaphragm  at  c,  form 
distinct  images  at  b,  where  also  there  is  a  diaphragm.  These 
images  are  viewed  by  the  eye  at  E  by  means  of  the  two  lenses 
A  and  B  of  an  adjustible  Ramsden  eye-piece.  It  hence  appears 
that  any  movement  of  the  wire  at  a  by  the  micrometer-head  Mt 
and  the  consequent  movement  of  the  image  at  a',  are  seen  by 
the  eye  at  E,  so  that  by  turning  the  micrometer  the  wire  and 
its  image  may  be  brought  into  coincidence.  To  effect  this 
coincidence  is  the  express  purpose  of  the  whole  arrangement. 
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For  ensuring  accuracy  the  image  should  be  brought  into  contact 
with  the  wire  by  just  excluding  the  line  of  light  between  them 
an  equal  number  of  times  on  each  side,  and  recording  the 
micrometer-reading  for  each  contact.  Then  the  mean  of  all  the 
readings  is  the  reading  for  coincidence  of  the  image  with  the 
wire.  When  the  micrometer-wire  is  set  to  this  reading,  the 
plane  passing  through  it  and  the  optical  centre  of  the  object- 
glass  is  as  nearly  vertical  as  by  the  optical  means  it  can  be 
made  to  be.  These  explanations  may  suffice  to  shew  how  an 
essential  astronomical  element,  namely,  the  direction  of  the 
vertical  at  the  place  of  observation,  formerly  found  by  a  plumb- 
line  or  a  spirit-level,  is  determined  by  means  of  the  collimating 
eye-piece. 

83.  As  it  is  important  that  the  wire  and  its  image  should 
be  seen  with  equal  distinctness,  special  means  are  provided  for 
satisfying  this  condition.     This  is  done,  as  already  intimated  by 
the  reference  in  Art.  36  to  Figure  6,  by  means  of  apparatus 
capable  of  moving,  in  the  direction  of  the  telescope-axis,  the 
tube  in  which  the  frames  of  the  fixed  wires  and  the  micrometer- 
wire  are  held,  and  fixing  it  in  the  position  for  which,  according 
to  the  judgment  of  the  eye,  a  wire  and  its  image  appear  equally 
well  defined.     When  this  is  the  case  the  wires  will  have  been 
placed  at  the  geometrical  focus  of  the  object-glass  by  a  method 
(alluded  to  in  Art.  54)  which  is  particularly  adapted  to  this 
purpose,  inasmuch  as  the  deviations  of  the  wire  and  its  image 
from  focus  are  equal  in  opposite  directions,  as  is  evident  from 
optical  considerations,  and  on  that  account   any  difference   of 
definition  is  the  more  easily  recognised  by  the  eye-piece.    From 
Figure  20  it  is  also  to  be  seen  that  this  is  an  inverting  eye- 
piece, resembling  in  that  respect  the  micrometer-microscope  for 
reading  off  circle  graduations. 

84.  The  errors  of  collimation  and  level  may  be  simulta- 
neously obtained  by  measures  taken  with  the  collimating  eye- 
piece in  reverse  positions  of  the  instrument,  as  the  following 
argument  will  shew.     In  Figure  21  0  is  the  optical  centre  of 
the  object-glass,  the  telescope  pointing  to  the  Nadir,  and  OZ  is 
the  vertical  direction  ascertained  by  making  the  micrometer- 
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wire  and  its  image  coincide  by  the  process  explained  in  Art.  82. 
Oc  represents  the  plane  of  collimation,  and  OD  is  drawn  from 
0  to  the  position  of  the  middle  wire  D  before  the  reversion.  \ 


Hence  the  ^  ZOc  (  =  L)  is  the  deviation  of  the  plane  of  colli- 
mation from  the  vertical,  and  therefore  the  level  error,  and  the 
*  cOD  (  =  (7)  is  the  error  of  collimation  of  D.  The  ^  ZOD  (  =  a) 
is  measured  by  the  difference  of  micrometer  readings  for  the 
vertical  direction  and  for  coincidence  with  D.  After  the  rever- 
sion, by  which  D  is  brought  to  D',  the  ^  ZOD'  (  =  a')  is  simi- 
larly measured.  Then  since  the  angle  c  OD  is,  by  the  definition 
of  collimation  error,  equal  to  the  angle  c  OD,  we  have 

a=C+L  and  a'  =  C-L. 


Hence  C  =  and  L 


Thus  C  and  L  are  found  by  calculating  according  to  these 
formulae,  the  values  of  a  and  a'  in  micrometer  revolutions  being 
first  converted  into  arc.  For  stars  above  pole,  the  sign  of  the 
level-correction  is  positive  when  the  plane  of  collimation  deviates 
from  the  vertical  eastward,  or  the  west  end  of  the  axis  is 
highest,  and,  as  already  stated,  the  sign  of  the  collimation-cor- 
rection  is  positive  when  the  pointing  of  the  telescope  is  east- 
ward from  the  plane  of  collimation.  The  position  of  the  micro- 
meter-head being  given,  the  micrometer  readings  indicate  the 
relative  places  of  Z,  c,  and  D. 
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85.     If  L  be  ascertained  by  the  spirit-level,  we  shall  have 
C=a.  —  L,  or  C=ct+L'y  so  that  the  collimation  error  might 
be  determined  without  reversing  the  instrument.     It  is,  how- 
ever, to  be  remarked  that  these  values,  whether  obtained  by  the 
spirit-level  or  the  collimating  eye-piece,  would  be  affected  by 
inequality  of  the  pivots  or  irregularities  of  their  forms.     On 
this  account,  with  prospective  reference  to  a  process  (hereafter 
explained)  for  obviating  this  source  of  error  in  the  Cambridge 
transit   instrument,  the   level   error  was   determined   at  each 
reversion  by  both  methods,  the  telescope  in  every  case  of  level- 
ling being  horizontal   and    pointing    southward.     As    it  was 
found  that  the  two  methods  did  not  give  the  same  results,  from 
the  differences  accruing  from  comparisons  made  in  a  certain 
limited  number  of  years,  two  mean  differences  were  calculated 
from  time  to  time,  one  applying  to  the  case  of  illumination  east, 
and  the  other  to  that  of  illumination  west.     By  applying  these 
differences  to  level  errors  found  by  the  spirit-level,  it  was  con- 
sidered that  the  level  error  was  virtually  determined  by  the 
collimating   eye-piece   and    reversing    the    instrument.      This 
course  was  adopted  because  it  would  have  been  inconvenient  to 
reverse  the  instrument  on  every  occasion  of  finding  the  level 
error;  and  again,  relatively  to  the  proposed  correction  of  the 
effects  of  irregularities  of  the  pivots,  it  was  essential  that  the 
level  error  should  be  uniformly  determined  by  the  collimating 
eye-piece.     Accordingly  this  mode  of  calculating  the  level  error 
of  the  Cambridge  instrument  was  begun  in  1850,  when  the 
collimating   eye- piece   was   first   used,  and   was   continued   to 
February  20,  1855 ;  from  which  date  the  calculation  was  made 
on  a  different  principle  in  the  following  manner.     It  was  con- 
sidered that  as  the  collimation-correction  varies  but  slowly,  the 
same   mean  value  of  G  might  be  used  during  a  considerable 
interval,  and  the  values  of  level  error  be  calculated  during  each 
such  interval  by  the  formula  L  =  a.—  C,  or   L=C—ct,  the 
variations  of  the  value  of  L  being  taken  account  of  by  frequent 
measures  of  a,  or  of  a',  in  the  same  interval.     In  consequence  of 
the  adoption  of  the  above-mentioned  processes,  all  the  correc- 
tions of  collimation  and  level  errors  which  I  have  employed  in 
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the  reduction  of  the  Cambridge  observations  from  the  begin- 
ning of  1850  to  the  end  of  1860  are  in  effect  determinations  by 
the  collimating  eye-piece. 

86.  The  method  of  finding  the  errors  of  collimation  and 
level  which,  as  being  found  in  practice  to  be  the  most  exact,  is 
adopted  in  well-appointed  fixed  observatories,  is  to  obtain  the 
collimation  error  by  means  of  a  north  and  a  south  collimator,  as 
explained  in  Art.  54,  and  then  to  measure  a  or  a'  by  the  colli- 
mating eye-piece.     The  values  of  (7,  as  well  as  those  of  a  or  a', 
might  in  this  way  be  frequently  determined  without  the  trouble 
of  reversing  the  instrument,  and  in  using  the  formula  L  =  a. 
—  G,  or  L=C—a,  instead  of  adopting  mean  values  of  C,  the 
individual  values  would  be  used  in  order  to  take  account  of  any 
sudden  or   irregular   variations   which   the    collimation    error 
might  be  liable  to.     This  process,  as  not  requiring  the  instru- 
ment to  be  reversed,  is  constantly  employed  in  the  use  of  the 
transit-circles  of  the  Greenwich  and  Cambridge  Observatories. 
A  method  of  calculating  corrections  for  the  forms  of  the  pivots, 
applying  alike  to  this  mode  of  determining  collimation  and  level 
errors,  and  to  that  described  in  Art.  85,  will  come  under  consi- 
deration after  the  discussion  of  meridian  error. 

87.  The  foregoing  methods  of  finding  collimation  and  level 
errors  have  not  required  astronomical  observation,  being  con- 
ducted solely  by  instrumental  means  (with  the  exception  of  the 
process  given  in  Art.  66  for  obtaining  the  collimation  error  of  a 
portable  transit  instrument  by  transits  of  Polaris).     There  is, 
however,  a  method  of  ascertaining  the  level  error  by  observing 
transits  of  Polaris  at  meridian  passage  both  directly,  and  by 
reflection  at  the  surface  of  mercury,  whereby  good  results  are 
procurable  without  previously  knowing   either  collimation    or 
azimuth  error.     It  is  evident  that  this  method,  combined  with 
the  use  either  of  north  and  south  collimators,  or  of  the  collima- 
ting eye-piece,  would  give  the  level  and  collimation  errors  with- 
out -reversing  the  instrument.     But  as  it  involves  processes  of 
observing  and  calculating  which  properly  belong  to  Division  III., 
the  account  of  the  details  of  the  method  is  deferred  till  the  sub- 
jects of  that  Division  are  under  treatment.     At  present  we  may 
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proceed  to  consider  by  what  means  meridian  or  azimuth  error  is 
calculated. 

Calculation  of  Azimuth  Error. 

88.  The  azimuthal  error  is  the  deviation  of  the  plane  of 
collimation,  corrected  for  level  error,  from  the  plane  of  the 
meridian,  which  is  the  plane  that  passes  both  through  the 
Zenith  of  the  place  of  observation  and  the  Pole  of  the  heavens. 
Consequently  this  error  is  necessarily  determined  by  astrono- 
mical observation.  For  the  purpose,  however,  of  obtaining 
formulae  for  calculating  azimuth  error,  it  suffices  to  take  for 
granted  that  the  observer  is  able  to  note  with  precision  the 
time,  according  to  an  astronomical  clock,  of  the  transit  of  a 
star,  whether  near  or  distant  from  the  Pole,  across  a  wire  of  the 
telescope.  In  Figure  22,  P  is  the  pole  of  the  heavens,  Zis  the 

Fig.  22. 


Zenith  of  the  place  of  observation,  Znri  the  plane  of  collimation 
passing  through  the  Zenith,  error  of  level  as  well  as  that  of  colli- 
mation being  supposed  to  be  corrected,  and  an  is  the  path  of  a 
star  between  the  plane  of  collimation  and  the  plane  of  the  me- 
ridian. Let  Pa-  =  S,  Zo-  =  2,  z  <rZn  =  x  =  the  azimuth  error  in 
seconds  of  space.  Then 

(TU  —  x  sin  z,  t  a-Pn  =  en  cosec  8  =  x  sin  z  cosec  S. 

Hence  ^  <rPn  (in  time)  =  —?  sin  z  cosec  8  =  hx, 

JLo 

h  being  put  for  —  sin  z  cosec  8.     Let  t  be  the  noted  clock-time 

J.O 

of  transit  of  the  star,  corrected  (according  to  formulae  that  will 
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be  obtained  under  Division  III.)  for  collimation  and  level  errors, 
A  the  star's  actual  apparent  Eight  Ascension,  and  T  the  excess 
of  true  sidereal  time  above  the  clock-time. 

Then  the  true  time  of  meridian  transit  =  t  +  T+  hx  =  A 
The  true  time  of  transit  of  another  star  =  t'  +  T+  T  +  h'x  =  A', 
T  being  the  clock's  loss  in  the  interval  t'  —  t. 

A'-A  +  t-t'-r 
From  these  two  equations  x  =  -     —n — y , 

which  is  the  general  formula  for  the  calculation  of  azimuth 
error.  In  order  that  it  may  give  good  results  the  stars  should 
be  selected  so  that  the  denominator  h'  —  h  may  have  a  large 
value.  Hence  one  at  least  of  the  stars  should  be  near  the 
Pole ;  or,  if  both  be  near  the  Pole,  ti  and  h  must  have  different 
signs,  which  will  be  the  case  if  one  observation  be  taken  above 
and  the  other  below  the  Pole,  because  for  a  star  below  pole  the 
polar  distance  (8)  is  to  be  considered  negative. 

89.  The  general  formula  for  azimuthal  error  may  be  safely 
applied  either  in  its  original  form,  or  as  modified  by  given  con- 
ditions, in  the  four  following  cases. 

(1)  If  one  star  be  near  the  Pole  and  the  other  not  far 
from  the  Equator,  one  of  the  factors  h  and  h'  will  be  large,  and 
much  larger  than  the  other,  so  that  h'  —  h  will  not  be  small.  In 
using  the  general  formula  for  this  case  the  Apparent  Right 
Ascensions  A  and  A'  will  have  to  be  obtained  by  interpolation 
from  catalogues  of  computed  values,  such  as  those  for  Upper 
Transits  at  Greenwich  of  a  few  stars  very  near  the  north  or 
south  pole,  computed  in  the  Nautical  Almanac  for  every  day  of 
the  year,  and  those  for  Upper  Transits  of  a  much  larger  number 
distant  from  the  poles,  computed  for  every  tenth  day.  The 
Right  Ascensions  in  the  list  of  the  Nautical  Almanac  severally 
depend  on  a  very  large  number  of  transit  observations  taken  at 
the  Greenwich  Observatory,  and  may  safely  be  employed  as 
data  for  calculating  azimuthal  error.  For  these  reasons  the  ap- 
parent R.  A.  made  use  of  for  the  calculation  should  be  those  of 
stars  included  in  that  list.  The  correction  T  may  be  inferred  from 
the  clock's  rate  as  determined  by  comparisons  of  the  clock- 
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times  of  transit  of  the  same  star,  or  stars,  on  two  or  more  con- 
secutive days. 

(2)  If  both  stars  be  near  the  Pole,  and  their  difference  of 
Eight  Ascension  be  nearly  12h,  the  transits  may  be  taken,  one 
above  and  the  other  below  the  Pole,  nearly  at  the  same  time, 
and  the  correction  r  would  then  be  so  small  that  it  might  be 
neglected.  In  this  case  Ti  —  h  is  large,  because  h  and  h'  are 
both  large  and  of  contrary  signs,  and  the  general  formula 
becomes 


the  +  or  —  sign  applying  according  as  A  is  greater  or  less  than 
A'.  The  stars  51  (Hev.)  Cephei  and  8  Ursse  Minoris  are 
favourably  situated  for  the  application  of  this  formula,  and  con- 
temporaneous transits  of  these  stars  have  not  unfrequently 
been  used  in  computing  azimuth  error  for  the  reduction  of 
Cambridge  transit  observations. 

(3)  If  two  transits  of  the  same  star  near  the  Pole  be  taken, 
one   above   and  the   other  below  pole,   h'  —  h  will  be  large, 
because  for  the  transit  below  pole  the  polar  distance  is  negative, 
so  that  h  and  h'  will  have  different  signs.    Also  A'  —  A  is  the 
increment  (e)  of  the  star's  Right  Ascension  in  the  interval  t'  —  t. 
Hence  adding  ±  12h  according  as  t'  is  greater  or  less  than  t,  the 
formula  for  this  case  is 

(h'-K)  x=  ±  12h+  t-  t'  -f  e-  T, 

rhich  is  independent  of  the  star's  Right  Ascension.  The  star 
iing  supposed  to  be  in  the  list  of  the  Nautical  Almanac,  the 
change  (e)  of  the  R.  A.  in  the  interval  t'  -  1  may  be  inferred 
from  the  computed  apparent  R.  A.  of  the  star  at  the  times  of 
transit. 

(4)  If  three  consecutive  transits  of  a  star  near  the  Pole  be 
taken,  there  will  be  another  equation  like  the  first,  namely, 

(h-h')x=  +  12h-M'-*"  +  e-T, 

it  being  assumed  that  the  corrections  e  and  T,  for  change  of  the 
star's  R.  A.  and  rate  of  the  clock,  are  the  same  for  the  interval 
of  12h  between  the  second  and  third  observations  as  those  for 
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the  interval  of  12h  between  the  first  and  second  observations. 
Hence  the  two  equations  give 

2   h'-hx=2 


the  +  or  —  sign  to  be  used  according  as  the  sum  of  the  first  and 
third  clock  times  is  less  or  greater,  by  about  24h,  than  twice  the 
second.  This  result  is  independent  both  of  the  star's  R.  A.,  and 
of  the  change  of  its  R.  A.,  as  well  as  of  the  clock's  rate. 

90.  As  these  Lectures  are  intended  to  answer  the  twofold 
purpose  of  describing  the  best  means  at  present  available  for 
taking  exact  astronomical  observations,  and  at  the  same  time 
indicating  the  fundamental  principles  on  which  the  science  of 
Practical  Astronomy  has  been,  or  might  be,  raised,  I  take  occasion 
to  remark  here,  that  if  it  were  required  to  construct  a  Cata- 
logue of  the  places  of  stars  ab  initio,  the  fourth  of  the  above 
methods  of  calculating  the  azimuth  error  would  be  employed, 
inasmuch   as   it   is   independent  of  any  results  of  antecedent 
observations. 

91.  Although,  as  we  have  seen,  there  is  no  necessity  for 
a  meridian  mark  in   an   Observatory  furnished   like  that   of 
Greenwich  or  Cambridge,  still  there  are  circumstances  in  the 
use  of  astronomical  instruments  in  which  a  fixed  distant  mark 
is  serviceable,  if  not  necessary.     I  propose,  therefore,  to  shew 
how  to  select  a  position  for  such  a  mark,  and  how,  when  the 
mark  is  set  up,  its  distance  in  arc  from  the  meridian  may  be 
ascertained.     These  determinations  may  be  made  without  diffi- 
culty now  that  we  are  able  by  the  foregoing  methods  to  calcu- 
late the  amount  of  the  azimuth  error.     It  is,  in  the  first  instance, 
requisite  to  correct  this  error  mechanically.     For  this  purpose 
the  value  in  arc  of  one  revolution  of  the  screw  by  which  the 
azimuth  adjustment  is  effected  must  be  found.     (The  screw  is  c 
or  d  in  Figure  10,  p.  38.)     This  may  be  done  with  sufficient 
accuracy  by  carefully  measuring  with  compass  and  scale  the 
interval,  parallel  to  the  axis  of  the  screw,  occupied  by  a  certain 
integral  number  of  its  threads,  and  then  measuring  the  length 
of  the   axis   of  motion   intervening  between  the  two  middle 
transverse  sections  of  the  Y's.     If  h  be  the  first  measure  em- 
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bracing  n  intervals,  TI  the  measured  length  of  the  axis,  and  R 

be  put  for  206265'',  the  value  of  one  revolution  in  arc  is  — ri . 

nrt 

This  quantity  having  been  calculated,  the  correction  of  azimuth 
error  is  effected  by  turning  the  micrometer-heads  (c  and  d  in 
Figure  10)  through  the  portion  of  a  complete  revolution  corre- 
sponding to  the  amount  of  the  error,  and  in  the  direction  which, 
as  indicated  by  its  sign,  is  proper  for  correcting  it.  Let  us 
now  suppose  that  the  micrometer-wire  has  already  been  put  in 
the  position  of  the  mean  of  all  the  wires  (see  Art.  61),  and  that 
the  micrometer  reading  for  that  position  has  been  recorded  ; 
also  that  by  adjusting  the  wire-frame  the  micrometer-wire  in 
this  position  has  been  put  into  the  plane  of  collimation  (Arts. 
48 — 50) ;  lastly,  that  the  level  error  has  been  mechanically  cor- 
rected either  by  turning  the  screws  a  and  b,  fig.  9,  p.  37,  till  the 
micrometer- wire  and  its  image,  as  seen  with  the  collirnating  eye- 
piece, coincide  (see  Art.  82),  or  by  using  the  Spirit-level  for  the 
same  purpose  in  the  manner  described  in  Art.  71.  After  these 
operations,  if  the  telescope  be  pointed  horizontally  southward,  the 
micrometer-wire  will  indicate  the  actual  position  of  the  plane  of 
the  meridian,  and  near  this  plane  it  is  required  to  set  up  a 
firmly  fixed  mark,  the  image  of  which  can  be  accurately  bisected 
by  the  micrometer-wire.  It  may  not  be  possible  till  after  repeated 
trials  to  fix  upon  an  appropriate  mark,  or  place  it  in  the  most 
suitable  position.  When  this  has  been  effected,  the  mean  of 
six  or  more  micrometer-readings  for  bisection  of  the  mark  is  to 
be  recorded.  Then  the  difference  between  this  micrometer- 
reading  and  that  for  the  position  of  the  mean  of  all.  the  wires 
measures  the  distance  of  the  mark  from  the  plane  of  the  meri- 
dian. On  account  of  uncertainties  arising  from  atmospheric 
disturbances  the  adopted  measure  should  be  the  mean  result  of 
several  such  determinations.  This  quantity  being  well  ascer- 
tained, it  is  always  possible  afterwards,  assuming  the  mark  to 
be  steady,  to  determine  how  far  the  plane  of  collimation  is  from 
the  mark,  and,  by  inference,  how  far  it  is  from  the  meridian, 
and  if  the  occasion  required,  to  place  it  in  the  meridian.  Also 
c.  G 
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by  bisections  of  the  mark  from  time  to  time  the  variations  of 
meridian  error  would  be  ascertainable,  and  any  abrupt  or  exces- 
sive deviations  from  its  ordinary  value  might  be  detected. 

92.  Having  now  shewn  how  to  find  the  errors  of  collimation, 
level,  and  azimuth,  we  may  proceed  to  determine  the  time- 
correction  required  to  be  applied  to  the  time  of  transit  across  the 
mean  of  the  wires  to  obtain  that  of  transit  across  the  meridian. 
Let  a,  b,  c  be  respectively  the  three  errors  in  seconds  of  space, 
inclusive  of  their  proper  signs,  which,  it  should  be  remembered, 
have  been  given  to  them  on  the  principle  of  taking  each  to  be 
positive  when  it  causes  the  observed  time  of  transit  of  a  star 
above  pole  to  be  earlier  than  meridian  transit.  Since  by  the 
law  of  coexistence  of  small  errors,  the  value  of  each  is  the  same 
as  if  the  other  two  did  not  exist,  the  formulae  of  calculation  will 
be  separately  deduced  by  means  of  the  diagrams  (1),  (2),  (3)  of 
Figure  23.  In  Fig.  23  (1),  P  is  the  pole  of  the  heavens,  Z  the 
zenith,  a  the  point  of  transit  of  a  star  across  the  plane  of 
collimation,  which  coincides  with  the  plane  of  the  meridian, 
because,  by  supposition,  there  is  neither  level  nor  azimuth  error. 
The  adopted  line  of  collimation  describes  a  small  circle  parallel 
to  the  meridian  at  the  distance  from  it  measured  by  the  small 
equatorial  arc  Ee,  which,  therefore,  is  the  collimation-error. 
The  Z  o-Pn,  subtended  by  the  portion  an  of  the  small  circle 
described  by  the  star,  is  the  angular  interval  between  the 
observed  transit  and  meridian  transit.  Hence  since  an  =  Ee  =  a, 
if  B  be  the  star's  polar  distance, 

Z  aPn  (in  time)  =  =-=•  cosec  S, 
JLo 

which,   consequently,   is   the   required   correction  for   error  of 
collimation. 

In  Fig.  23  (2),  HZ'h  is  the  great  circle  described  by  the  line 
of  collimation  supposing  that  there  is  no  collimation  or  azimuth 
error,  H  and  h  being  the  points  of  its  intersection  with  the 
meridian.  The  Z  ZHZ',  being  the  angular  deviation  of  the 
plane  of  collimation  from  the  plane  of  the  meridian,  is  equal  to 
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b  the  level-error.     Hence  if  Per  =  8  and  Za  =  zt  we  have,  since 
an  =  b  cos  z  and  Z  crPn  =  an  cosec  S, 

Z  o-P/i  (in  time)  =  r-=-  cos  #  cosec  S, 
which  is  the  correction  for  error  of  level. 


In  Fig.  23  (3),  HZH'  is  the  azimuth  error  (c)  supposing 
that  there  is  no  collimation  or  level  error.    Hence  as  an  =  c  sin  z, 


aPn  (in  time)  =  -^-=  sin  «  cosec  5. 


15 


6—2 
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Let  T  be  the  whole  reduction  to  the  meridian.     Then,  since 
this  is  equal  to  the  sum  of  the  separate  corrections,  we  obtain 

f     ,  7  .N  cosec  S 

r  =  (a  +  o  cos  z  +  c  sm  z)  —  ^  —  , 


93.  ^Phis  angle  measures  the  inclination  of  the  adopted 
line  of  collimation  to  the  plane  of  the  meridian  for  any  position 
of  the  telescope,  and  might  on  that  account  be  termed  generally 
the  total  error  of  collimation,  because  when  that  line  coincides 
with  the  plane  of  the  meridian  the  instrumental  error  is  zero. 
But  the  formula  for  calculating  r  was  obtained  on  the  supposi- 
tion that  the  pivots  are  equal  and  exactly  cylindrical.  If  this 
be  not  the  case,  we  may  still  call  the  deviation  of  the  line  of 
collimation  from  the  plane  of  the  meridian  the  total  error  of 
collimation;  but  the  use  of  the  transit  instrument  is  not 
strictly  logical  unless  we  are  able  to  calculate  this  error  what- 
ever be  the  forms  of  the  pivots,  or  the  changes  of  form  they  may 
undergo,  assuming  only  that  by  reason  of  original  construction 
they  are  always  very  approximately  cylindrical  and  of  the  same 
size.  This  calculation  I  have  succeeded  in  effecting  by  means 
of  a  practical  solution  of  the  following  problem  :  — 

A  line  being  drawn  to  the  optical  centre  of  the  object-glass 
from  a  selected  point  of  the  middle  wire  nearly  mid-  way  be- 
tween the  two  horizontal  wires  (called  previously  "the  line  of 
collimation  "),  it  is  required  to  find,  whatever  may  happen  to  be 
the  exact  forms  of  the  pivots,  the  small  angle  which  this  line 
makes  with  the  plane  of  the  meridian  for  any  position  of  the 
telescope. 

The  solution  rests  on  the  principle  of  determining  the 
position  of  the  line  of  collimation  by  first  finding  by  direct 
micrometer  measures  the  position  of  another  straight  line  fixed 
relatively  to  the  instrument,  and  then  after  ascertaining  the 
fixed  geometrical  relation  between  the  two  lines,  to  infer 
therefrom  the  position  of  the  line  of  collimation.  The  subsidiary 
straight  line  may  be  conceived  to  be  fixed  relatively  to  the 
instrument  by  passing  through  two  dots  at  the  extremities  of 
the  pivots,  and  -its  position  relatively  to  the  piers  to  be  ascer- 
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tainable  by  means  of  micrometer-microscopes  pointing  towards 
the  dots  as  exhibited  in  Figure  1  (page  21).  This  method  was 
originally  proposed  by  the  Astronomer  Koyal,  who  applied  it 
first  in  testing  the  forms  of  the  pivots  of  the  Alt-azimuth 
instrument  of  the  Greenwich  Observatory.  I  shall  give  here  a 
description  in  detail  of  the  mode  in  which  I  have  employed  it 
to  obtain  corrections  for  the  forms  of  the  pivots  of  the  Cambridge 
transit  instrument. 

94.  Two  long  micrometer-microscopes  of  considerable  mag- 
nifying power,  constructed  expressly  for  the  purpose  by 
Mr  William  Simms,  were  fastened  by  screws  in  two  rectangular 
cuttings  at  the  tops  of  the  piers,  which  were  formerly  occupied 
by  the  lever-counterpoises  (see  Art.  29).  These  microscopes 
were  mounted  so  as  to  admit  of  a  vertical  adjustment,  and  of 
horizontal  adjustments  perpendicular  to,  and  in  the  directions 
of,  their  axes,  and  thus  could  be  made  to  point,  according  to  the 
judgment  of  the  eye,  along  the  axis  of  motion  of  the  instrument, 
and  at  the  same  time  be  placed  at  distances  from  the  pivots 
proper  for  seeing  the  dots  distinctly.  In  order  to  have  the 
means  of  adjusting  the  positions  of  the  dots,  as  well  as  fixing 
them  relatively  to  the  pivots,  two  caps  were  provided,  which 
carried  the  dots,  and  fitted  on  to  the  ends  of  the  pivots. 
Figure  24<  represents  one  of  the  caps,  and  the  mode  of  its 

Fig.  24. 


attachment   to  the  pivot.     By  the  capstan-headed  screw  at  e 
the  cap  is  firmly  clamped  to  the  pivot,  and  by  the  capstan-heads 
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at  d,  d,  d,  pertaining  to  screws  which  work  in  a  fixed  cylinder 
covered  by  the  movable  cylindrical  piece  that  carries  the  dot 
(their  stems  passing  through  elongated  holes  in  the  latter),  this 
piece  and  the  dot  may  be  adjusted  to  any  required  position. 
The  diagram  accompanying  the  figure  of  the  cap  is  a  magnified 
representation  of  a  circle  aa  described  on  a  plate  of  white  metal 
on  the  plane  face  of  the  movable  cylinder,  at  the  centre  of  which 
the  dot,  which  is  circular,  is  engraved,  together  with  a  smaller 
concentric  circle  bb  of  known  radius,  and  a  broken  straight  line 
cc  passing  through  the  centre  of  the  dot.  The  uses  of  the  small 
circle  and  straight  line  will  be  seen  from  the  following  account  of 
the  instrumental  processes  in  which  this  apparatus  is  employed. 
95.  The  first  operation  is  to  place  the  dots  very  nearly  on 
the  axis  of  motion  of  the  instrument.  This  is  to  be  done 
tentatively  by  the  movements  given  to  the  dot  by  the  screws 
d,  d,  d,  till,  as  seen  with  the  microscope,  it  describes  a  very 
small  re-entering  curve  when  the  instrument  is  turned  about 
its  axis  through  a  complete  revolution.  Next,  the  micrometer- 
wire  is  to  be  adjusted  vertically.  To  do  this  a  small  plumb-line 
apparatus  is  applied  in  the  following  manner.  The  cap  having 
been  pushed  close  up  to  the  end  of  the  pivot  and  clamped,  the 
microscope  is  adjusted  in  the  direction  of  its  axis  so  that  the 
images  of  the  dot  and  of  the  line  cc  are  seen  distinctly  together 
with  the  micrometer-wire  put  roughly  in  a  vertical  position. 
The  distance  of  the  plane  face  of  the  cap  from  a  shoulder  of  the 
pivot  is  then  gauged,  the  cap  is  temporarily  removed,  and  the 
plumb-line  apparatus  placed  in  such  a  position  that  the  line 
hangs  down  at  the  distance  measured  by  the  gauge,  and  can  be 
seen  distinctly  through  the  microscope.  The  micrometer- wire 
can  now  be  placed  with  sufficient  exactness  parallel  to  the 
plumb-line  by  turning  the  microscope  by  hand  about  its  axis. 
The  cap  being  after  this  restored  to  its  former  position,  the  line 
cc  will,  by  reason  of  the  gauge,  be  seen  distinctly,  and  may  be 
placed  parallel  to  the  micrometer- wire  by  turning  the  instrument 
about  its  axis.  When  this  is  done  the  corresponding  reading  of 
the  setting-circle  should  be  observed  and  recorded.  Then  by 
turning  the  instrument  from  this  position  through  90°,  the  line 


THE  TRANSIT   INSTRUMENT. 


87 


cc  will  be  placed  in  a  horizontal  position,  and  will  serve  to 
adjust  the  micrometer-wire  to  horizontally.  But  as  to  do  this 
requires  the  microscope  to  be  turned  about  its  axis,  a  new 
adjustment  in  the  direction  of  its  axis  should  be  made  in  order 
to  secure  that  the  micrometer-wire  and  the  line  cc  shall  both  be 
seen  distinctly  when  the  wire  is  finally  adjusted  horizontally. 
The  readings  of  the  setting-circle  for  the  vertical  and  horizontal 
positions  of  cc  being  determined,  the  micrometer-wire  can 
always  be  adjusted  either  vertically  or  horizontally  by  means  of 
that  line,  care  being  taken  that  the  wire  and  the  image  of  the 
line  be  both  well  seen  in  focus.  If  these  determinations  of 
the  vertical  and  horizontal  directions  be  not  quite  accurate,  no 
sensible  error  will  arise  provided  the  dot  be  always  very  near 
the  axis  of  motion.  These  preliminary  operations  have  to  be 
performed  in  exactly  the  same  manner  for  both  dots. 

96.  We  may  now  proceed  to  obtain  a  general  formula  for 
collimation -error  independently  of  the  particular  forms  of  the 
pivots.  In  Figure  25,  A  and  B  are  the  positions  of  the  dots, 

Fig.  25. 


and  Ax,  Ay,  Az  are  rectangular  axes,  Ax  being  drawn  parallel 
to  the  plane  of  the  meridian  southward,  Ay  vertically  upward, 
and  Az  in  a  horizontal  direction  westward,  making  a  small 
angle  with  AB.  The  co-ordinates  of  A  and  B  parallel  to  Ax 
and  Ay  are  measured  by  the  microscope-micrometers,  adjusted, 
as  described  in  the  preceding  Article,  for  either  horizontal  or 
vertical  measures.  Let  the  telescope  be  directed  to  the  Nadir 
Point,  and  suppose  AC  in  the  plane  yAz  to  be  parallel  to  the 
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line  of  collimation  in  that  position.  The  angle  yA  C  (=  a)  is 
measured  by  the  collimating  eye-piece  (see  Art.  84),  and  is 
reckoned  positive  when  A  C  deviates  from  the  vertical  westward. 
Let  j^Ft  and  FzY2  +  k  be  the  vertical  ordinates  of  A  and  B, 
Fj  and  F2  being  the  recorded  micrometer  readings,  F1  and  F2 
factors  by  which  the  micrometer  readings  are  converted  into 
seconds  of  arc,  and  k  an  unknown  constant,  the  value  of  which 
is  determined  when  the  measures  Yl  and  F2  are  referred  to  the 
same  horizontal  plane.  To  find  the  value  of  Flt  let  D  =  the 
measured  distance  between  the  dots,  h  —  the  diameter  of  the 
small  circle  bb  (Fig.  24),  as  determined  by  the  maker  of  the  cap, 
and  M  =  the  measure  of  that  diameter  in  micrometer  revolu- 
tions, which  measure  may  be  supposed  to  have  been  taken  just 
after  Ft  was  recorded.  Then  if  R  =  the  number  of  seconds  in  an 

arc  equal  to  radius,  -yr-  is  the  measure,  in  seconds  of  space,  of 
the  angle  subtended  at  B  by  the  diameter  bb.  Hence  the  angle 
subtended  by  any  smaller  micrometer  measure  m  is 


Consequently  the  factor  Fl  is  equal  to  -j-  ^  .     So  for  the  opposite 

7  ;  75 

cap,  Fz  =      rrf  ,  supposing  the  given  diameters  h  and  Ti  to  be 


unequal.  The  values  of  Ft  and  F2  having  been  calculated  by 
these  formulae,  we  shall  have  for  the  value  in  arc  of  the  angle 
BAz,  Fz  F2  +  k  —  Ft  Fr  in  which  k  only  is  unknown.  Hence, 
since  /yA(7  =  a,  if  6  be  the  constant  angle  CAB,  we  shall 
have 

0  =  909-(F9Ya  +  k-FlYl)-*  ...............  (1). 

It  will  now  be  supposed  that  when  the  above  measures 
were  taken  the  Illumination-end  was  westward,  so  that,  as  B 
was  by  construction  always  at  that  end,  Fz  F2  +  k  and  F1  Ft 
are  respectively  the  ordinates  of  the  dots  B  and  A  for  Illumination 
West.  The  instrument  is  next  to  be  reversed  and  the  same 
process  repeated.  Let  F2'  and  F/  be  respectively  the  micrometer 
readings  for  the  bisections  of  the  west  and  east  dots  (which  are 
now  A  and  J9),  and  let  ^2'F2'  +  k  and  JF/F/  be  their  ordinates 
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reckoned  from  the  same  horizontal  plane  as  before,  Ft'  and  F9' 
being  calculated  by  processes  already  indicated  with  respect  to 
Fl  and  Fz.  Since  instead  of  0  we  have  now  its  supplement, 
and  instead  of  a.  an  angle  a'  measuring,  as  before,  the  deviation 
of  the  line  of  collimation  westward  from  the  meridian,  the 
analogous  equation  will  be 

.1800-^  =  90°-(^F,f  +  A;-JT1fF1/)-af  ............  (2). 

The  equations  (1)  and  (2)  determine  the  unknown  quanti- 
ties k  and  0.  In  fact,  putting,  for  brevity,  Yw  for  FZYZ  -  FJTt 
and  Ye  for  ^a'F2'  -  F'Y^  we  obtain 


(3), 

(4). 


97.  Reverting  to  Figure  25,  J.'  and  I?  are  new  positions  of 
the  dots  (before  the  reversion)  after  turning  the  eye-end  of  the 
telescope  through  an  angle  (z)  from  the  vertical  towards  the 
south;  A'x,  Ay,  A'z  are  rectangular  axes,  Ay  being  vertical, 
Ax  horizontal  southward,  and  A'z  westward.  AC'  is  parallel 
to  the  new  direction  of  the  line  of  collimation,  so  that  the  angle 
C'A'B'  =  0.  Let  f  =  the  angle  by  which  A  C'  deviates  from  the 
plane  yA'x  towards  A'z.  Then  y^  yz  being  the  micrometer 
readings  in  the  vertical  direction,  and  xv  o?2  those  in  the  hori- 
zontal direction,  for  bisections  of  A  and  Bf  respectively,  let  fyv 
and  /2cy2  +  k  be  the  measures  of  the  vertical  ordinates,  and  g^ 
and  ffaxa  +  kr  the  measures  of  the  horizontal  ordinates,  the 
factors  fv  /2,  glt  g#  having  to  be  determined,  as  already  shewn, 
by  means  of  micrometer  measures  of  the  diameter  bb.  Hence 
we  have  the  following  data  for  calculating  f  :  — 

90°  -  f  ,  /.  B'A'z  =  e,  a  small  angle, 

0  Ay  =*,  nearly,  z  ffA'y  =  90°  -  (/^  +  k  - 

Z  G'Ax  =  90°  -  z,  nearly,         z  E'A'x  =  90°  -  (#2.T2  +  k'  -  g 

But  by  Analytical  Geometry, 

cos  CAB'  =  cos  C'Az  cos  JTA'z  +  cos  C'A'y  cos  B'A'y 

+  cos  C  'Ax  cos  B'Ax. 


90  PRACTICAL  ASTRONOMY. 

Hence,  putting  small  arcs  for  their  sines,  and  unity  for  cos  e  in 
a  small  term,  we  obtain 


cos  6  =  %  4-  (/2#2  +  h  -fy^  cos  z  +  (g2xz  +  Jc'  -  g^)  sin  z. 
Now  by  the  equation  (4)  we  also  have  very  nearly, 


cos    =  —  ;  - 


and  if  ^be  the  zenith  distance  of  the  pointing  of  the  telescope 
reckoned  southward,  Z-  z  =  180°,  z  =  Z-  180°.  Hence  by  sub- 
stituting in  the  above  formula,  and  putting  for  k  its  value  from 
the  equation  (3),  it  will  be  found  that 


The  deviation  of  the  eye-end  of  the  telescope  from  the  plane  of 
the  meridian  having  been  assumed  (in  Fig.  25)  to  be  westward, 
that  of  the  object-end  will  be  eastward,  and  consequently  f  is 
the  total  error  of  collimation  with  its  proper  sign. 

98.  Supposing  now  the  pivots  to  be  cylindrical  and  equal, 
and  the  extremities  of  the  axis  of  motion  to  be  at  A  and  B,  let 
ft  be  the  value  of  f  in  that  case.  Then,  having  regard  to  the 
expressions  for  which  Yw  and  Te  were  substituted  in  Art.  96,  it 
is  evident  that  as  the  axis  of  motion  has  the  same  position  in 
space  after  as  before  the  reversion,  we  shall  have  Yw  =  Te,  and 
also  fzyz  —ftl/i  =  yw  the  position  being  fixed.  Moreover,  the 
ar's  being  reckoned  positive  southward,  gzxz  +  k'  —  g^  will  be 
equal  to  the  angular  deviation  of  the  west  end  of  the  axis 
southward,  and  will  consequently  be  the  azimuth  error  with  its 
proper  sign.  Putting  therefore  c  for  the  azimuth  error,  we 
have  for  equal  cylindrical  pivots, 

,.      a  -a'     a  +  a'         „ 

fj  =  —  5  ---  -=—  cos  Z+  c  sin  Z. 

-  ^ 

By  referring   to   Art.  92   it   will   be  seen   to   follow   as  a 

_   i 

corollary  from  this  equation  that  —  ^—  is  equal  to  the  collimation 
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error,  and  --  —  to  the  level  error.     These  values  may  also  be 

obtained  independently  as  follows.  The  z  yAC  (Fig.  25), 
measured  from  the  vertical  towards  Az,  is  equal  to  a,  and  if  it 
were  wholly  due  to  level  error,  would  have  a  negative  value  as 
respects  the  transit  observations,  because  it  would  signify  that 
the  west  end  of  the  axis  is  depressed  ;  but  so  far  as  it  is  due  to 
collimation  error  it  has  a  positive  value,  because  a  westward 
deviation  of  the  line  of  collimation  from  the  plane  of  collimation 
at  the  eye-end  implies  an  eastward  deviation  at  the  object-end, 
and  consequently  a  plus  correction  of  the  transit-time.  Hence 
if  L  be  the  level  error  and  C  the  collimation  error,  since  the 
value  of  a  is  made  up  of  both,  we  shall  have  a  =  —  L  +  O. 
After  the  reversion  nothing  is  changed  except  the  sign  of  C,  so 
that  a'  =  —  L  —  C.  From  these  two  equations  it  follows  that 


cc  —  a 


By  subtracting  the  above  expression  for  fx  from  that  for 
the  result  is 


9ixi  +  &'  -  c)  sin  Z. 

Consequently  in  order  to  calculate  the  correction  f  —  fx  for 
any  given  zenith  distance,  we  have  to  find  the  value  of  the 
constant  quantity  K  —  c.  Before  shewing  how  this  may  be 
done,  the  above  formula  will  be  modified  for  the  purpose  of 
making  it  applicable  both  to  Illumination  West  and  to  Illumi- 
nation East.  The  equation  in  its  present  -form  is  assumed  to 
apply  to  the  case  of  the  Illumination  (or  the  dot  B)  being 
westward.  Since  Yw  has  been  put  for  FZY2  —  F:YV  if  we  assume 
that  the  sufHx  w  indicates  that  the  expression  applies  to 
Illumination  West,  we  can,  by  putting  Ye  for  F2Y2  —  l*\Yiy 
indicate  that  the  same  expression  applies  to  Illumination  East 
Consequently  the  above  value  of  £  —  £  is  adapted  to  the  case  of 
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Illumination  East  by  simply  changing  Fw  into  Fe  and  Fe  into 
F,,,.     Hence  it  will  be  seen  that 


—  £  =  +  — - — — -  +  f  fv  —  f 11  — 
&i     i       2          I  «/2t72    yi.71 


cos 


according  as  the  Illumination  is  West  or  East.     The  value  of 
k'  —  c  is  found  in  the  following  manner. 

99.  In  the  case  of  equal  cylindrical  pivots  the  corrected 
plane  of  collimation  coincides  with  the  plane  of  the  meridian, 
and  the  corrected  line  of  collimation  consequently  passes  through 
the  pole.  Hence  if  we  introduce  the  condition  that  f  =  £  at 
the  pole,  the  corrected  line  of  collimation  in  the  case  of  unequal 
and  non-cylindrical  pivots  will  be  made  to  pass  through  the 
pole,  and  the  satisfying  of  that  condition  gives  the  means  of 
determining  k'  —  c.  For,  after  putting  F0  and  X0  to  represent 
the  values  of  /2y2  —  f^yv  and  <72a"2  —  g^xt  respectively  for  the 
position  of  the  pole,  and  —  I  for  Z,  I  being  the  co-latitude,  we 
obtain 

17"  T7"  /  \T      i     T7"\ 

cos  I  —  ( XQ  +  kr  —  c)  sin  I ; 


or,  k'  -  c  =  ±  ("a     e)  cosec  I  +  (FO  -    W+    ')  cot  I  -  X 


After  calculating  the  value  of  Tc  —  c  from  this  formula,  and 
substituting  it  in  the  general  expression  for  f  —  ft,  this  quantity 
can  be  calculated  for  any  given  zenith  distance  for  both  positions 
of  the  instrument,  and  the  time-correction  for  the  forms  of  the 
pivots  may  then  be  obtained  from  the  equation 

£  —  £ 

Correction  =  g     f1  cosec  N.  P.  D. 
15 

100.  I  proceed  to  give  an  example  of  the  calculation  of  the 
constants  in  the  formula  for  f  —  £,  for  the  purpose  of  afterwards 
shewing  how  to  obtain  the  time-correction  for  forms  of  the 
pivots  in  any  given  instance  of  a  transit  observation.  We  have, 
as  fixed  data,  the  length  D  of  the  straight  line  joining  the  dots 
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=  49{W>,SO,  the  diameter  of  the  circle  bb  sit  the  Illumination-end 
=  0™  ,0465,  and  the  diameter  of  that  at  the  other  end  =  0^,0458. 
[These  values  of  the  diameters  were  carefully  determined  by 
Mr  Simms  :  the  angles  which  the  diameters  subtend  at  the 
opposite  dots  will  be  found  from  the  above  data  to  be  192",60 
and  189",70.]  The  data  for  calculating  the  constants  in  the 
general  expression  for  f  —  f  l  will  be  extracted  from  a  complete 
series  of  measures  contained  in  pages  Ixxviii.  and  Ixxix.  of 
Volume  XX.  of  the  Cambridge  Observations,  which  were  taken 
on  September  29,  1858,  for  the  purpose  of  obtaining  the  pivot- 
correction  for  any  given  N.  P.  D.  It  is  to  be  understood  that 
each  adopted  measure  of  the  co-ordinate  of  a  dot  is  the  mean  of 
three  recorded  measures,  two  for  contact  of  the  micrometer-wire 
with  the  circumference  of  the  dot  on  opposite  sides,  and  the  third 
for  an  estimated  bisection  of  the  centre  of  the  dot  by  the  axis  of 
the  wire.  So  also  the  adopted  measures  of  the  diameters  bb  are 
in  each  instance  means  of  three  trials.  The  measures  for  the  Pole 
and  the  Nadir  Point,  being  fundamental  quantities,  are  all  means 
of  six  trials.  The  measures  of  diameters  are  designated  by  the 
letter  M  with  the  suffix  1  or  2  attached.  According  as  this 
letter,  or  any  other  letter  used  in  the  subjoined  example,  has 
the  suffix  1  or  2,  it  pertains  to  the  east  or  west  end  of  the  axis. 
In  order  that  the  micrometer  measures  may  be  expressed  in  low 
numbers,  the  recorded  eastern  vertical  measures  are  all  diminish- 
ed by  10r,000,  and  the  western  vertical  measures  by  9r,000.  For 
the  same  reason  constants  are  subtracted  from  the  horizontal 
measures,  as  will  be  indicated  in  the  following  account  of  the 
calculations. 

Illumination  West. 

Ft  =  10,336  -  10,000  =  0,336,      M:  =  12,537,      ^  =  0,0458, 
72=    9,072-    9,000  =  0,072,      M2  =  12,516,      A2  =  0,0465, 


=  [1,18718],         . 
F,  =  5",084,      F^  =  1",108,      Yw  =    *Y*F*Yi  =  -  1",988. 
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Illumination  East. 

r.  r.  r.  r.  in. 

F;  =  10,390  -  10,000  =  0^90,   M^  =  12,711,   \  =  0,0465, 
F2'  =  9,028-  9,000  =  0,028,   Mz  =  12,340,   \  =  0,0458, 


,  ^;F;  =  o",43o,  T6  = 


For  obtaining  the  values  of  /2y2  —  fjyl  and  g^—ff^  corre- 
sponding to  the  position  of  the  pole,  the  data  and  the  calculation 
are  as  follows  :  — 

Illumination  West,  N.  P.  D.  0°. 


in. 

yl  =  10,597  -  10,000  =     0,597,       Mt  =  12,532,      ^  =  0,0458, 
y*=   8,667-   9,000  =  -0,333,      3/2=  12,531,      A2  =  0,0465, 


^  =  9",037,     /2y2  =  -  5",118,  /2^2  -f^  =  -  ir,155  =  F 

r.                   r.                  r.  r.                              in. 

xl  =  10,993  -  10,900  =  0,093,  Ml  =  12,551,      \  =  0,0458, 

^a=    9,416-   9,200  =  0,216,  JI/2  =  12,569,      h2=  0,0465, 


^  =          =  [1'179391      ^ 
g&  =  1",406,      ^2  =  3",310,      g^  -  g&  =  1",904  =  Xv 

Hence      #  -  c  =  ^cosec  «  +    F  -  FW      Fe    cot  ^  -  X 


=  +  0",752  cosec  Z  -  9",427  cot  i  -  1",904 
=  -  12//,836,  1  being  =  37°  .  47'  .  8". 

Illumination  East,  N.  P.  D.  0°. 

r.  r.  r.  r.  in. 

;  =  10,250  -  10,000  =     0,250,      Ml  =  12,640,      h,  =  0,0465, 
'=    8,745-    9,000  =  -  0,255,      Jlf,  =  12,388,      A,  =  0,0458, 
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ly  I  =  +  r,809,  /;y;=  -  r,905,  /,'y;  -/>,'=  -  7",7i4  =  r.'. 

r.  r.  r.  r.  in. 

<  =  10,945  -  10,700  =     0,245,      .¥,  =  12,658,      A,  =  0,0465, 
<=    9,174-   9,300  =  -0,126,      M,  =  12,449,      ^  =  0,0458, 

*>'  =      =  [1'18228]'   *•'  =      =  [~  1>18294]> 


Hence 


F  -  F  /  F  4-  F 

2  w         1  e  _       ^  1   i    f  V         Iw^-le 


CY  +  Y\ 
YQ' ^ V  °0t  l  ~  ^ 

=  -  0",752  cosec  I  -  2",986  cot  I  +  5", 648  =  +  0",569. 
Consequently  the  final  expressions  for  f  —  f 1  are, 

Illumination  West, 
?-£  =  +  0",75  +  (/2y2  -/^  +  4",73)  cos  (8  -  Z) 

Illumination  East, 

f  -  f  i  =  -  °"^5  +  (/2y2  -Ay,  +  4",73)  cos  (8  -  z) 


101.  The  measures  on  September  29,  1858,  were  taken 
for  every  tenth  degree  of  N.  P.  D.  above  pole,  and  for  the  polar 
distances  —  5°,  0°,  +  5°,  these  three  being  included  for  the 
purpose  of  obtaining  the  values  of  £  -  f  l  for  Polaris  and  B  Ursae 
Minoris  by  interpolation.  The  order  of  proceeding  was  as 
follows:  the  Illumination  being  eastward,  the  micrometer- 
wires  were  first  adjusted  vertically,  and  all  the  horizontal 
measures  were  taken,  and  after  adjusting  the  wires  horizontally 
and  to  distinct  vision  of  the  dots,  all  the  vertical  measures  were 
taken,  ending  with  those  for  Nadir  Point.  The  instrument 
was  then  reversed,  and  without  altering  the  horizontal  adjust- 
ments of  the  wires,  all  the  vertical  measures  were  again  taken, 
beginning  with  those  for  Nadir  Point ;  and  lastly,  after  adjusting 
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the  wires  vertically  and  to  distinct  vision,  all  the  horizontal 
measures  were  again  taken.  In  other  instances,  as  in  that  of 
September  30,  1858  (given  in  the  same  pages  of  Volume  xx.), 
the  measures  were  taken  for  every  fifth  degree  of  N.  P.  D. 
above  pole,  and  for  every  tenth  degree  below  pole.  As  the 
interval  between  the  Y's  is  somewhat  greater  than  that  between 
the  shoulders  of  the  transverse  axis  which  are  contiguous  to 
them,  the  axis  is  liable  to  a  small  displacement  whereby  the 
images  of  the  dots  are  thrown  out  of  focus.  This  fault  was 
corrected  by  turning  the  instrument  backwards  and  forwards 
about  its  axis,  and  at  the  same  time  pushing  it  moderately  in  the 
direction  proper  for  the  correction,  till  both  dots  could  be  seen 
distinctly  for  the  same  position  of  the  instrument.  This  pre- 
caution having  been  attended  to,  it  was  not  thought  necessary 
to  measure  the  diameters  of  the  circles  on  each  occasion  of 
measuring  the  ordinates  of  the  dots.  On  September  29  the 
measures  of  the  diameters  were  taken  only  for  0°,  30°,  60°,  90°, 
120°  of  N.  P.  D.,  and  for  the  Nadir  Point.  After  giving  these 
explanations  I  proceed  to  adduce  an  example  of  calculating 
the  time-correction  for  forms  of  the  pivots,  both  for  Illumi- 
nation West  and  Illumination  East,  for  a  given  N.  P.  D.,  select- 
ing that  of  60°. 

Illumination  West,  N.P.D.  60°. 

r.  r.  r.  r.  in. 

yl  =  10,406  -  10,000  =  0,406,      J/t  =  12,512,      7?x  =  0,0458, 
ya  =   9,169-    9,000  =  0,169,      M2=  12,514,      A2  =  0,0465, 

[U8725], 


10,969  -  10,900  =     0,069,  Ml  =  12,524,      h,  =  0,0458, 
9,143-   9,200  =  -  0,057,  Mz  =  12,551,       A,  =  0,0465, 


1",045,      g&  =  -  0",S75,      g&  -  fflx,  =  -  1"3920. 
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Illumination  East,  N.  P.  D.  60°. 

yt  =  10,223  -  10,000  =  0,223,      Ml  =  12,679,      \  =  0,0465, 
t/2  =    9,354-   9,000  =  0,354,      Jf2  =  12,382,      £2=  0,0458, 

T>T  ~m 

=  [1,18528], 
-./^^  2^,045, 


a;,  -  10,758  -  10,700  =     0,068,  Ml  =  12^665,       A,  =  0,0465, 
x,=   9,059-    9,300  =  -  0,241,   l/2  =  12,428,       A2  =  0,0458, 


S-.cc,  =  0",882,     gft  =  -  3",679,     ^  -&a,  =  -  4",561. 
Consequently,  Illumination  West, 

£  _  £  =  +  Q",75  +  (-  3^,56  +  4r/,73)  cos  22°  .  12',9 

+  (  -  1",92  -  12//,84)  sin  22°  .  12',9 
=  +  0",75  +  1",09  -  5",58  =  -  3",74. 

Illumination  East, 

f  -  £  =  -  0",75  +  (2",04  +  47/,73)  cos  22°  .  12',9 

+  (  -  4",56  +  0",57)  sin  22°  .  12',9 
=  -  0",75  +  6^,27  -  1"  ,51  =  +  4",01. 

Hence  the  time-correction,       „  l  cosec  60°,   is  —  08,288   for 

io 

Illumination  West,  and  +  Os,309  for  Illumination  East.  These 
values,  obtained  by  independent  calculation,  agree  with  those 
on  page  Ixxviii  of  Volume  XX.  of  the  Cambridge  Observations. 

102.  The  pivot-corrections  for  all  the  particular  N.  P.  D.  for 
which  micrometer-measures  were  taken  having  been  calculated 
according  to  the  foregoing  example,  and  arranged  in  tabular 
form  with  N.  P.  D.  for  argument,  the  correction  for  any 
assigned  N.  P.  D.  might  be  obtained  by  simple  interpolation. 
C.  7 
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As,  however,  it  was  found  that  the  corrections  varied  gradually 
in  amount  from  year  to  year,  and  the  measures  were  subject 
to  incidental  irregularities,  the  table  of  values  for  any  year  was 
combined  with  those  of  two  other  years,  one  shortly  preceding 
and  the  other  shortly  following,  and  from  the  three  a  mean  table 
was  formed,  from  which  the  correction  for  any  given  N.  P.  D. 
for  the  intermediate  year  was  derived  by  simple  interpolation. 
This  pivot-correction  may  be  immediately  applied  to  the  clock- 
time  of  transit  across  the  mean  of  the  wires  (obtained  as  shewn 
in  Division  ///.),  and  then  the  corrections  for  the  errors  of 
collimation,  level,  and  azimuth  may  be  obtained  and  applied 
just  as  if  the  pivots  were  exactly  equal  and  cylindrical.  The 
reasoning  I  have  now  gone  through,  although  long  and  some- 
what complicated,  was  yet  necessary  for  shewing  how  transit 
observations  may  be  freed  from  errors  due  to  irregularities  and 
changes  of  the  forms  of  the  pivots,  and  how,  consequently,  to 
make  a  completely  logical  use  of  the  transit  instrument1. 

103.  Before  proceeding  to  treat  of  the  methods  of  taking 
and  reducing  transit  observations,  some  account  will  here  be 
given  of  the  Astronomical  Clock,  and  of  the  conditions  it  is 
required  to  satisfy  when  used  in  an  Observatory.  For  details 
respecting  the  parts  of  chief  importance  in  the  construction  of 

1  The  method  of  obtaining  the  pivot-corrections  which  I  put  in  practice  with 
the  means  I  had  at  command,  is  adopted  in  principle  in  the  use  of  the  Cam- 
bridge Transit-circle,  but  with  various  simplifications  and  improvements  as  to 
details  which  I  shall  take  this  occasion  to  point  out.  (1)  The  dots  were  engraved 
on  the  pivots  themselves,  and  as  nearly  as  possible  on  the  axis  of  motion,  so 
that  no  subsequent  adjustment  of  their  position  was  required,  such  as  that  I 
applied  to  the  dots  on  caps  (Art.  95).  (2)  A  spring  acting  on  the  end  of  one 
of  the  pivots  keeps  them  always  to  the  same  bearing,  and  thus  the  inconvenience 
I  experienced  from  the  images  of  the  dots  being  put  out  of  focus  by  displace- 
ments of  the  axis  (Art.  101),  is  obviated.  (3)  The  micrometer-wire  of  the 
microscope  is  adjusted  horizontally  by  a  small  spirit-level,  movable  with  the 
micrometer-apparatus  about  the  axis  of  the  microscope,  and  so  adjusted  by  the 
instrument-maker  that  when  the  bubble  is  in  mid-position  the  micrometer-wire 
is  sufficiently  horizontal,  considering  the  small  movement  of  the  dot,  for  mea- 
suring its  vertical  ordinate.  This  expedient  supersedes  the  use  of  the  small 
plumb-line  which  I  had  recourse  to  (Art.  95).  (4)  As  the  Transit-circle  is  not 
reversed,  the  pivot-corrections  are  required  for  only  one  position  of  the  in- 
strument. 
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clocks  for  astronomical  purposes,  the  student  will  do  well  to 
read  Chapter  in.  of  Godfray's  "  Treatise  on  Astronomy."  As 
far  as  the,Lectures  are  concerned  it  will  suffice  to  refer  only  to 
the  clock  with  Graham's  mercurial  pendulum,  this  being  the 
form  of  pendulum  which  is  found  by  experience  to  be  best 
adapted  for  obtaining  accurate  astronomical  measures  of  time. 
The  particular  advantage  of  this  construction  is,  that  it  allows 
the  astronomer  himself  both  to  alter  the  clock's  rate  and  to 
correct  imperfect  compensation.  These  adjustments  are  effected 
by  means  which  it  is  the  object  of  the  following  statements  to 
describe. 

104.  First,  for  altering  the  clock's  rate,  the  mercury  is  put 
in  a  glass  cylinder  attached  to  the  end  of  the  pendulum-rod, 
and  by  turning  a  screw  the  cylinder  and   contained   mercury 
may  be  raised  or  lowered  relatively  to  the  rod.     As  the  weight 
of  the  mercury  constitutes  the  chief  part  of  the  weight  of  the 
pendulum,  this  operation  changes  the  position  of  the  centre  of 
oscillation,  and,  by  consequence,  the  time  of  an  oscillation  of  the 
pendulum.     A  small  graduated  circular  disk,  attached  to  the 
stem  of  the  screw  and  turning  with  it,  is  read  off  by  an  index 
fixed  to  the  rod.     It  being  understood  that  the  clock's  rate  is 
its  gain  or  loss  upon  24  hours  in  the  sidereal  interval  between 
consecutive  meridian  transits  of  the  same  star,  let  the  index  be 
set  to  a  certain  reading,  and  the  clock  be  rated,  by  transits  of 
stars   taken   ad  libitum,  in  the  manner  stated  at  the  end  of 
Art.  89  (1).     After  altering  the  index-reading  by  a  certain 
integral  number  of  divisions,  let  the  clock  be  rated  in  the  same 
manner  again.     The  difference  of  the  index-readings  and  the 
corresponding  difference  of  the  rates  being  noted,  the  index- 
reading  which  would  correspond  to  a  certain  desired  rate  might 
then  be  found  by  a  simple  proportion,  and  the  length  of  the 
pendulum  might  be  altered  accordingly.     For  convenience  as 
respects  the  reduction  of  transit  observations  it   is    usual  to 
maintain  a  small  losing  rate,  the  minute-hand  being  put  for- 
ward when  the  clock's  loss  exceeds  one  minute. 

105.  Compensation  for  changes  of  the  length  of  the  pendu- 
lum produced  by  changes  of  temperature  is   effected  by  the 

7—2 
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mercurial  pendulum  in  the  following  manner.  The  cylindrical 
column  of  mercury,  being  uncovered  at  the  top,  is  free  to 
expand  upwards  upon  an  increment  of  temperature,  which, 
therefore,  has  the  effect  of  raising  the  centre  of  gravity  of  the 
mercury,  and,  by  consequence,  the  centre  of  oscillation  of  the 
pendulum.  At  the  same  time  the  pendulum-rod,  by  expanding 
downwards  from  the  point  of  suspension,  produces  the  opposite 
effect  as  respects  the  position  of  the  centre  of  oscillation.  When 
these  two  results  of  the  change  of  temperature  just  counteract 
each  other,  the  required  compensation  is  effected,  the  distance 
of  the  centre  of  oscillation  from  the  point  of  suspension,  and 
consequently  the  time  of  an  oscillation  of  the  pendulum,  being 
thereby  made  invariable.  Analogous  reasoning  applies  to  the 
effects  of  a  decrement  of  temperature.  Now  the  astronomer  is 
in  a  better  position  than  the  clock-maker  for  telling  whether  or 
not  the  compensation  be  good,  because  for  doing  this  completely 
exact  transit  observations  carried  on  through  the  hottest  and 
coldest  parts  of  at  least  one  year  are  required.  It  is  the 
special  advantage  of  the  mercurial  pendulum  that  it  gives  the 
astronomer  the  means  of  correcting  the  compensation  if  found 
thus  to  be  imperfect.  Supposing,  for  instance,  the  observations 
to  shew  that  the  losing  rate  comes  to  a  maximum  in  the  hot 
months,  this  will  indicate  that  the  length  of  the  pendulum  is  at 
that  time  too  great,  and  consequently  that  the  effect  of  the 
expansion  of  the  rod  is  greater  than  that  of  the  expansion  of 
the  mercury.  The  clock  is  in  that  case  under-compensated,  and 
requires  an  addition  to  be  made  to  the  quantity  of  mercury  ;  or, 
if  it  be  found  that  the  losing  rate  diminishes  in  the  cold  months 
till  it  attains  a  minimum,  the  pendulum  is  then  too  short,  and 
the  contraction  of  the  pendulum-rod  by  the  cold  is  not  compen- 
sated for  by  the  contraction  of  the  mercury ;  that  is,  as  before, 
the  clock  is  under-compensated.  But  if  the  clock  goes  faster 
in  the  summer  months,  or  slower  in  the  winter  months,  than 
in  Spring  or  Autumn,  it  is  over-compensated,  and  requires  that 
some  mercury  should  be  taken  out  of  the  cylinder. 

106.    The  simplest  practical  method  of  adjusting  the  quantity 
of  the  mercury  in  the  cylinder  so  as  to  effect  complete  compen- 
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sation  seems  to  be  the  following.  Suppose  that  after  giving  to 
the  clock  a  small  losing  rate  by  the  process  explained  in  Art. 
104,  the  clock  were  rated  by  transit  observations  during  a  whole 
year  (in  the  manner  that  will  be  explained  under  Division  IV.). 
Then,  from  what  has  been  said  in  Art.  105,  according  as  the 
summer  losing  rates  are  found  to  be  greater  or  less  than  those 
of  winter,  the  compensation  requires  mercury  to  be  added  to  or 
subtracted  from  the  quantity  (Q)  that  was  in  the  cylinder  when 
the  rate  was  adjusted.  To  calculate  how  much,  let  R  the 
maximum  losing  rate,  and  r  the  minimum  losing  rate,  in  the 
course  of  the  twelve  months,  be  extracted  from  the  reduced 
transit  observations,  and  suppose  that  the  contemporaneous 
temperatures  are  known  to  be  T  and  t.  At  the  end  of  that 
period  let  the  quantity  of  mercury  be  altered  to  Q  ±  q,  and  the 
observations  be  continued  through  another  twelve  months,  and 
let  R',  r,  T',  tf  be  the  new  values  corresponding  to  R,  r,  Ty  t. 
Then  to  reduce  the  two  sets  of  values  to  the  same  conditions  as 
respects  temperature,  let  R"  —  r"  be  the  value  that  R'  —  r 
would  have  had  if  the  difference  of  temperature  T'  —  t  had 
been  equal  to  T—  t.  Hence,  as  small  differences  of  rate  may  be 
assumed  to  be  proportional  to  the  differences  of  temperature, 

T '  —  t 
we  shall  have  R"  —  r"  =  (R'  —  r')  -7™ — T,  .    Hence  the  additional 

JL    •—  tf 

T—  t 

mercury  ±  q  has  produced  the  change  R  —  r  —  (Rr  —  r')  -^ , 

in  the  difference  between  the  maximum  and  minimum  rates. 
But  there  is  still  to  be  corrected  the  difference  R'  —  r'.  Let  q 
be  the  unknown  quantity  of  mercury  required  for  this  purpose. 

T  —  t 

Then  we  may  assume  that  +  q  is  to  q  as  R  —  r  —  (Rr  —  r)  -^ T 

JL     — ~  v 

is  to  R'  —  r1.    From  which  it  follows  that 

(jr-r')(r-o 

q      ±q'(R-r)  (T'  -  0  -  (R'-r)  (T-  t) ' 

This  formula  gives  in  terms  of  known  quantities  the  amount 
of  mercury  to  be  put  in  or  taken  out  of  the  cylinder  to  complete 
the  compensation,  at  least,  approximately.  If  after  this  has 
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been  done,  further  correction  appears  to  be  needed,  it  may  be 
calculated  by  means  of  a  like  formula,  obtained  by  combining 
the  transit  observations  of  a  third  twelve  months  with  those  of 
the  second.  Should  there  still  be  residual  variations  of  rate, 
whether  from  defect  of  compensation  or  other  causes,  they  will 
have  no  appreciable  effect,  so  long  as  they  are  neither  large  nor 
abrupt,  on  the  final  determinations  of  Right  Ascension,  sup- 
posing transit  observations  of  fundamental  stars  to  be  carried  on 
in  the  Observatory  night  and  day  during  the  year. 

III.      METHODS    OF    TAKING    TRANSIT    OBSERVATIONS,    AND 
CALCULATIONS  OF  CORRECTIONS. 

107.  It  will  be  proper  to  begin  this  Division  of  our  subject 
by  stating  in  what  manner  a  setting-circle  is  used  in  preparing 
to  take  a  transit  observation.  The  construction  and  uses  of 
setting-circles  have  been  described  in  Art.  34,  but  it  was  not 
shewn  how,  before  employing  the  setting-circle  to  point  the 
telescope  to  a  celestial  object  intended  for  observation,  its 
spirit-level  has  to  be  adjusted.  This  may  readily  be  done,  if  a 
collimating  eye-piece  be  adaptable  to  the  telescope,  and  the 
telescope  be  thereby  pointed  so  that  the  reflected  image  of  each 
of  the  two  horizontal  wires  is  coincident  with  the  other  wire ;  in 
which  case  the  path  'across  the  field  midway  between  the 
horizontal  wires,  which  the  object  observed  is  usually  made  to 
traverse,  will  be  exactly  in  the  nadir  direction.  Under  these 
circumstances  the  index  which  will  always  be  used  for  settings 
should  be  made  to  point  to  an  angle  below  pole  equal  to  the 
latitude  of  the  Observatory,  for  instance  to  —52°.  13'  for  the 
Cambridge  Observatory.  After  this  adjustment  has  been  made 
by  the  tangent-screw  and  clamp  (Art.  35),  the  bubble  of  the 
level  is  to  be  put  in  mid-position  by  turning  the  screws  x  and  y 
(Figure  7  in  p.  28).  Then  if  the  index  be  set  to  any  given 
circle-reading,  the  telescope,  after  being  moved  till  the  bubble 
is  in  mid-position,  will  point  to  the  north  polar  distance  signified 
by  that  reading.  It  should,  however,  be  noticed  that  the  adjust- 
ment of  the  level  was  made  iniependently  of  any  effect  of 
refraction,  on  which  account  in  setting  for  a  star  or  other  object, 
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the  N.  P.  D.  as  altered  by  refraction  should  be  set  for.  For 
doing  this  readily  the  observer  should  have  at  hand  a  small 
table  of  approximate  refractions  with  N.  P.  D.  for  argument.  If 
the  use  of  a  collimating  eye-piece  be  not  available,  the  adjust- 
ment of  the  level  might  be  performed  by  first  setting  the  index 
to  the  apparent  N.  P.  D.,  as  altered  by  refraction,  of  a  bright 
star,  such  as  Arcturus,  and  after  catching  it  as  it  enters  into  the 
field  of  view  (which  it  is  easy  to  do),  to  turn  the  telescope  till  the 
path  of  the  star's  image  is  mid- way  between  the  two  horizontal 
wires.  Then,  the  telescope  retaining  its  position,  the  bubble  is 
to  be  put  in  mid-position  by  turning  the  screws  x  and  y  pro- 
vided for  this  adjustment. 

108.  Proceeding,  in  the  next  place,  to  give  an  account  of  the 
methods  of  taking  transit  observations  of  the  different  kinds  of 
celestial  bodies,  I  shall  assume  that  in  every  instance  the  Right 
Ascension  and  Polar  Distance  of  the  object  to  be  observed,  as 
also  the  error  of  the  clock  on  true  sidereal  time,  are,  at  least 
approximately,  known.  (By  what  antecedent  operations  and 
observations  the  clock's  error,  and  the  places  both  of  stars  and 
of  the  moving  bodies,  may  have  been  approximated  to,  or  how 
by  beginning  de  novo  they  might  be  sufficiently  well  determined 
for  being  used  to  obtain  places  of  higher  degrees  of  accuracy, 
will  be  unfolded  in  the  sequel  of  the  Lectures,  more  especially 
in  the  treatment  of  what  relates  to  meridional  transit  and  circle 
observations  under  Division  IV.)  The  polar  distance  being 
approximately  known,  we  can  set  for  the  object  in  the  manner 
described  in  Art.  107,  and  the  clock's  error  being  sufficiently 
ascertained  we  shall  know  when  to  look  for  the  entrance  of  the 
object  into  the  field  of  view.  When  fairly  in  the  field,  the 
image  has  to  be  brought,  by  shifting  the  telescope,  into  a 
position  intermediate,  as  nearly  as  may  be,  between  the  two 
horizontal  wires.  Suppose,  first,  the  image  to  be  that  of  a  star, 
which  may  be  considered  to  be  a  point  of  light  (see  Art.  19). 
The  observer,  as  it  approaches  the  first  wire,  takes  the  number 
of  a  seconds'  beat  from  the  clock-face,  and  then  goes  on  counting 
the  beats  mentally,  looking  at  the  same  time  intently  at  the 
central  point  of  the  image  in  order  to  note  its  position  just  at 
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the  beat  which  next  precedes  the  transit  across  the  wire,  and 
again  its  position  at  the  beat  next  after  the  transit.  Also  to  the 
best  of  his  judgment  he  estimates  the  ratio  of  the  space  between 
the  first  position  and  the  wire  to  that  between  the  two  positions 
in  tenths  of  the  interval1,  and  the  counted  second  of  the  first 
position  with  this  proportional  part  of  a  second  added  is 
recorded  as  the  clock-time  of  the  transit.  This  operation  is 
repeated  at  each  of  the  wires,  the  intervals  between  the  wires 
allowing  time  for  recording  the  several  transits.  After  the 
transit  across  the  last  wire,  the  clock-face  is  looked  at  to  see 
whether  the  counting  has  been  correct,  and  the  hour  and 
minute  of  the  last  transit  are  set  down.  This  mode  of  taking 
transits  is  called  for  distinction  the  eye-and-ear  observation. 

109.  The  same  method  of  observing  to  the  tenth  of  a 
second  is  employed  when  the  object  is  either  the  First  or  Second 
Limit  of  the  Sun,  care  being  taken  in  the  setting  to  ensure  that 
the  Sun's  centre  shall  pass  as  nearly  as  may  be  mid-way 
between  the  horizontal  wires.  On  account  of  the  Sun's  heat 
the  eye  of  the  observer  generally  requires  to  be  protected  by 
darkened  glasses;  but  occasionally  satisfactory  observations 
can  be  taken  when  the  Sun  is  seen  through  cloud  or  mist. 
The  Cambridge  transit-telescope  had  a  small  wheel  attached  at  the 
eye-end,  carrying  near  its  periphery  a  set  of  glasses  of  different 
degrees  of  opacity,  which,  on  turning  the  wheel  by  hand,  could 
be  placed,  as  the  occasion  required,  opposite  the  aperture 
through  which  the  field  of  view  was  seen.  Also  to  prevent  any 
disturbing  effect  being  produced  by  the  incidence  of  the  Sun's 
rays  on  parts  of  the  instrument,  a  movable  dark  screen  has  to 
be  provided,  by  shifting  which  the  solar  rays  may  either  be 
wholly  cut  off,  or  be  allowed  to  pass  through  a  circular  opening 
in  the  screen  so  as  to  fall  on  the  object-glass  during  the  interval 


1  For  a  long  time  astronomers  were  satisfied  with  noting  the  time  of  transit 
to  the  nearest  second.  Bradley  in  some  cases  estimated  to  the  half  or  the  third 
of  a  second.  Maskelyne  at  the  beginning  of  his  career  divided  the  second  into 
eight  parts;  but  eventually  (in  September,  1772)  he  began  the  practice  of 
recording  the  times  of  transit  to  tenths  of  a  second.  (See  Grant's  History  of 
Physical  Astronomy,  p.  489.) 
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occupied  by  taking  the  observation.  "When  both  limbs  have 
been  observed,  the  mean  of  the  transit-times  for  the  two  limbs 
is  the  time  of  transit  of  the  Sun's  centre,  and  their  difference  is 
a  measure  of  the  Sun's  diameter,  the  adopted  value  of  which, 
as  being  an  important  astronomical  element,  should  be  the 
mean  result  of  a  large  number  of  observations. 

110.  The  full  moon  would  be  observed  in  the  same  manner 
as  the  Sun,  and  when,  also,  it  is  not  quite  full,  the  transits  of 
both  limbs  would   still   be   taken,   because,   after  applying  a 
correction  for  a  small  defect  of  illumination  (the  mode  of  calcu- 
lating which  will  be  subsequently  explained),  the  transit-time 
of  the  Moon's  centre,  and  a  measure  of  the  diameter,  may  be 
inferred  from  the  times  of  transit  of  the  limbs.     As  the  Moon's 
diameter  is  an  important   datum,  and   the   opportunities  for 
measuring  it  are  comparatively  rare,  advantage  should  be  taken 
of  all  that  are  available. 

111.  Transits   of  Jupiter  and   of  Mars  are   observed  as 
follows.     The  number  of  wires   being  supposed  to   be   seven, 
transits  of  the  first  limb  are  taken  at  the  first,  third,  fifth,  and 
seventh  wires,  and  transits  of  the  second  limb  at  the  second, 
fourth,  and  sixth  wires.     The  mean  of  all  these  transit-times  is 
strictly  the  observed  time  of  transit  of  the  planet's  centre  across 
the  mean  of  all  the  wires.     The   excess  of  the  mean  of  the 
transit-times  of  the  second  limb  above  the  mean  of  those  of  the 
first  limb  is  considered  to  be  a  measure  of  the  planet's  diameter. 
(More  generally  and  strictly  the  diameter  is  measured  by  the 
excess  of  the  mean  of  the  times  of  transit  of  the  second  limb 
across  three,  or  four,  of  the  wires,  reduced,  as  hereafter  shewn, 
to  time  of  transit  across  the  mean  of  all  the  wires,  above  the 
mean  of  the  times  of  transit  of  the  first  limb  across  the  remaining 
four,  or  three,  wires,  similarly  reduced.)     The  ansse  of  Saturn's 
Ring  (not  the  body  of  the  Planet,  excepting  when  the  Eing 
disappears)  are  observed  in  the  same  manner,  for  the  purpose  of 
obtaining  the  transit-time  of  the  planet's  centre  and  a  measure 
of  the  external  diameter  of  the  Ring.     The  observed  times  of 
transit  of  Mercury  and  Venus  apply  only  to   their   illumined 
limbs.     In  any  case  of  the  observation  of  a  single  limb  of  a 
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planet,  the  reduction  to  sidereal  time  of  transit  of  centre  is 
made  by  adding  or  subtracting  the  sidereal  interval  occupied  by 
transit  of  semidiameter,  as  derivable  from  those  calculated  in 
the  Nautical  Almanac  for  every  second  day  "at  transit  at 
Greenwich."  The  assumed  values  in  arc  of  the  semidiameters 
at  the  Earth's  mean  distance  from  the  Sun  from  which  the 
calculations  are  made,  are  given  in  page  v.  of  the  Preface. 
When  both  limbs  are  taken  and  the  planet  is  sensibly  gibbous, 
a  correction  for  defect  of  illumination,  calculated  by  a  process 
that  will  be  given  afterwards,  is  applied.  When  planets  are 
very  small,  transits  of  their  estimated  centres  are  taken. 

112.  In  observations  of  Polaris  and  S  Ursse  Minoris,  or 
other  stars  very  near  the  pole,  it  is  not  possible  to  judge  with 
any  certainty  of  the  instant  of  transit  to  the  fraction  of  a 
second.  As,  however,  the  instant  at  which  the  star  is  exactly 
bisected,  or  is  struggling,  as  it  were,  to  cross  the  wire,  may 
sometimes  be  noted  with  great  precision,  in  every  case  an 
estimate  is  made  of  the  transit-time  to  the  tenth  of  a  second. 
Transits  of  stars  near  the  pole  are  required  to  be  taken  from 
time  to  time  at  all  the  wires,  because,  as  stated  in  Art.  60,  by 
means  of  these  observations  the  equatorial  intervals  of  the 
several  wires  from  the  mean  of  all  are  calculated,  and  these 
intervals  it  is  necessary  to  know  for  a  reason  which  will  be 
stated  in  the  next  Article.  But  because  of  the  slow  motion  of 
stars  near  the  pole,  each  set  of  such  observations  takes  a  long 
time ;  on  which  account,  in  general,  a  shorter  way  of  obtaining 
their  transits  across  the  mean  of  the  wires  is  adopted,  by 
employing  the  micrometer- wire  in  the  following  manner.  First, 
just  before  or  after  the  observation,  the  coincidence  reading  of 
the  micrometer-wire  with  the  middle  wire  D  is  found  by  the 
process  indicated  in  Art.  51.  Then  the  micrometer-wire  is 
placed  successively  at  the  distances  of  three  revolutions,  two 
revolutions,  and  one  revolution  from  D  on  the  west  side,  and  at 
the  distances  of  one,  two,  and  three  revolutions  on  the  east  side, 
and  transits  of  the  star  are  taken  at  each  of  the  six  positions 
and  at  the  middle  wire,  the  intervals  between  the  positions 
allowing  of  time  for  recording  the  seven  transits.  The  mean  of 
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the  transit-times  is  the  time  of  transit  across  the  wire  D,  and 
the  interval  of  this  wire  from  the  mean  of  all  being  known  by 
the  method  explained  in  Art.  60,  the  transit-time  across  the 
mean  of  the  wires  may  be  inferred.  As  the  Cambridge  and 
Greenwich  Transit-circles  have  no  micrometer-wire,  additional 
sets  of  fixed  wires,  the  intervals  between  which  are  small,  are 
inserted,  one  on  each  side  of  the  middle  wire,  by  means  of 
which  the  abbreviated  observation  may  be  made  in  the  manner 
above  described ;  and  in  order  that  the  mid-wire  may  be  readily 
distinguished,  the  intervals  between  it  and  the  two  adjacent 
wires  are  larger  than  the  others. 

113.  When  transits  of  both  limbs  of  the  Moon,  or  a  Planet, 
are  taken  at  the  same  meridian  passage,  generally  a  correction 
is  required  on  account  of  defect  of  illumination  of  one  of  the 
limbs,  in  order  to  obtain  the  exact  time  of  transit  of  centre, 
and  an  exact  measure  of  the  diameter.  The  object  of  the 
following  investigation  is  to  give  the  means  of  calculating  such 
corrections.  Figure  26,  which  applies  more  expressly  to  cor- 


(5) 


rections  of  measures  of  vertical  diameters  for  defect  of  illumi- 
nation, may  be  made  use  of  for  the  present  purpose.  In  (1)  of 
Fig.  26,  P  is  the  pole  of  the  heavens,  S  the  Sun's  place,  and  V 
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that  of  a  planet  at  the  time  of  taking  the  measures.  The  polar 
distance  PS  of  the  Sun  and  PV  that  of  the  planet,  and  the 
difference  of  their  Right  Ascensions  SPV,  will  be  supposed 
to  be  deduced  from  the  Nautical  Almanac,  and  from  these 
data  the  z  PVS  and  the  arc  SV  may  be  calculated.  As  transits 
of  cusps  are  usually  not  taken  on  account  of  the  large  probable 
error  of  such  observations,  I  shall  suppose  the  Moon  or  planet  to 
be  gibbous,  and  to  deviate  little  from  a  circular  form.  In  that 
case  the  boundary  of  illumination  opposite  to  the  Sun,  being 
the  projection  of  a  circle  on  a  plane  perpendicular  to  the  line  of 
vision,  is  an  ellipse,  as  represented  by  the  curve  Aba  in  Fig. 
26,  (3).  The  angle  of  projection  is  equal  to  the  inclination  of 
the  line  of  vision  to  the  line  drawn  from  the  Sun's  centre  to  the 
centre  of  the  Moon  or  planet.  In  Fig.  26,  (4)  EVS  is  this 
angle,  E,  $,  V  being  respectively  the  positions  of  Earth,  Sun, 
and  Planet  in  space,  and  according  as  the  angle  EVS  is  greater 
or  less  than  90°,  the  illumined  body  is  horned  or  gibbous.  Let 
Aa,  the  axis  major  of  the  ellipse,  be  equal  to  2a;  then  if 
the  semi-axis  minor  =  b,  we  shall  have  b  =  a  cos  EVS,  and 

sin  EVS  =  (l-^\h  =  e.  Suppose  SE(  =  R)  and  8V  (=r)  to 
be  obtained  from  the  Nautical  Almanac.  Then 

e  =  sin  EV8=  -  sin  SEV=  -  sin  87, 
r  r 

by  which  expression  e  can  be  calculated,  SV  being  already 
known.  Since  DVn  in  (3)  coincides  with  the  circle  of  polar 
distance  PV  through  V  in  (1),  and  A  Va  is  at  right  angles  to 
8V,  it  follows  that  the  L  AVn  (=  0)  is  equal  to  90°-  /  PVS, 
and  is  therefore  known.  Hence  the  angle  which  a  parallel  of 
declination  makes  with  VA  is  0  +  90°.  Now  by  Conic  Sections, 
if  ff  be  calculated  from  the  equality 

sin  &  -  e  sin  (6  +  90°)  =  e  cos  0, 

the  length  of  the  perpendicular  from  V  on  a  tangent  to  the 
ellipse  parallel  to  DVn  is  a  cos  6'.  Hence  if  /  be  the  observed 
interval  occupied  by  the  transit  of  the  diameter,  and  2/0  be  the 
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/v 

true  interval,  /  =  I0  4-  70  cos  &  —  2/0  cos2  -= ,  assuming  the  obser- 

I        Q' 

vation  to  be  exact.     Hence  I0  =  ~  sec2  -$ .     From  this  equation 

'jL  A 

the  interval  of  transit  of  semi-diameter,  as  given  by  the  obser- 
vation, may  be  calculated,  and  the  value  be  compared  with  that 
in  the  Nautical  Almanac.  From  a  collection  of  such  com- 
parisons a  correction  of  the  tabular  diameter  in  arc  might  be 
obtained,  but  not  as  accurately  as  from  the  micrometer  measures 
of  vertical  diameters  which  will  have  to  be  considered  in  treat- 
ing of  the  Mural  Circle.  When  the  transit-time  of  centre  is 
inferred  from  the  transit-times  of  both  limbs,  the  correction 

required  for  defect  of  illumination  is  plainly  +  f  I0  —  ^  J  ,  accord- 
ing as  the  first  or  second  limb  is  defective,  and  is  therefore 

I         & 
equal  to  +  ^  tan2  -^ . 

^          ij 

114.  The  foregoing  expressions  may  be  applied  in  obser- 
vations  of    Yenus,   Mars,   and   Jupiter,   when   the    disks   are 
approximately  circular,  and  transits  of  both  limbs  are  taken. 
For  Jupiter  the  corrections  will   in   any  case   be   excessively 
small,  and  for  the  other  planets  they  will  often  be  far  less  than 
unavoidable  errors   of  observation.     It   is,  however,   right   in 
principle  to  correct  errors  however  small,  when  they  are  due  to 
known  causes,  and  can  be  accurately  calculated. 

115.  For  the  Moon  the  calculation  of  &  may  be  simplified 
as  follows.     As  the  correction  can  be  applied  only  when  the 
Moon  is  nearly  full,  let  in  Fig.  26  (5)  S'  be  the  point  opposite 
the  Sun's  centre,  and  M  be  the  place  of  the  Moon's  centre ;  so 
that  S'M  is  a  small  arc.   But  in  this  case  sin  SV=  sin  S'M=  S'M 

7?  7? 

nearly.    Also  since  —  =  1  nearly,  and  by  Art.  113  e  =  —  sin  SV, 

it  follows  that  sin  ff  or  e  cos  6  =  S'M  cos  0  =  S'N  nearly.  Or  ff 
is  nearly  equal  to  8'N,  which  is  the  difference  of  R.  A.  of  the 
Moon  and  the  point  opposite  the  Sun,  multiplied  by  the  cosine 
of  the  Sun's  declination.  After  thus  finding  &  with  sufficient 
approximation,  the  corrections  of  the  measure  of  diameter  and 
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of  transit-time  of  centre  may  be  calculated  by  the  formulae 
obtained  in  Art.  113. 

116.  It  will  frequently  happen  that  by  the  intervention  of 
clouds,  or  from  other  causes,  a  transit  observation  is  not  taken 
at  all  the  wires,  in  which  case  the  mean  of  the  observed  transit- 
times  is  reduced  (by  formulse  which  will  presently  be  given)  to 
time  of  transit  across  the  mean  of  all  the  wires,  and  the  weight 
of  the  observation  is  considered  to  have  to  that  of  a  complete 
observation,  the  ratio  of  the  number  of  the  recorded  times  to 
the  whole  number  of  wires.     According  to  Cambridge  practice, 
the  observation  was  inserted  in  the  computing  books,  but  not 
reduced,  if  it  was   taken   at  less  than  three  wires.     For  the 
above-mentioned  reduction  of  broken  observations,  it  is  neces- 
sary to  be  able  to  calculate  the  interval  of  any  wire  from  the 
mean  of  all  for   any  given   polar   distance.     The   method   of 
obtaining  these  intervals  for  an  equatorial  star  has  already  been 
indicated  in  Arts.  59 — 61.     In  the  use  of  the  formula, 

sin  15a  =  sin  8  sin  lot, 

for  this  purpose  (Art.  60),  the  polar  distance  8  was  supposed  to 
be  taken  from  the  Nautical  Almanae  (see  Art.  89) ;  but  it 
should  be  noticed  that  this  datum  might  be  independently 
obtained  by  a  contemporaneous  observation  with  the  Mural 
Circle,  or  one  observer  might  determine  8  and  t  simultaneously 
by  means  of  a  Transit-circle.  We  have  next  to  ascertain  how 
the  intervals  are  to  be  calculated  for  any  polar  distance,  and 
for  any  object,  whether  it  be  a  star  or  a  moving  body. 

117.  For  a  star  not  very  near  the  Pole,  if  8  =  the  star's 
polar   distance,  h  =  a,  given   equatorial   interval,  and   d—i\\Q 
required  interval  for  the  polar  distance  8,  we  shall  have,  with 
sufficient  approximation,  d  —  h  cosec  8. 

118.  For  a  star  near  the  Pole,  sin  h  —  sin  8  sin  d.     Suppose 
that   in   any  year  a  considerable  number  of  complete  transit 
observations  of  Polaris,  either  above  or  below  pole,  are  taken,  arid 
let  A0  represent  a  polar  distance   consisting   only  of  degrees 
and  minutes,  chosen  so  as  to  be  little  different  from  the  mean 
of  the  polar  distances  of  Polaris  in  the  period  during  which  the 
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calculated  intervals  are  to  be  used.  It  is  first  required  to 
deduce  from  all  the  observations  a  mean  value  of  the  interval 
of  any  given  wire  from  the  mean  of  all  for  the  polar  distance  A0. 
Let  rfj  be  this  interval,  and  let  B  and  d  be  the  given  polar 
distance  and  observed  interval  pertaining  to  any  one  of  the 
observations.  Then  since  sin  h  =  sin  B  sin  d  =  sin  A0  sin  dv  we 

have  sin  dt  =  cosec  A0  sin  S  sin  d. 

From  the  last  formula,  after  converting  d  into  arc,  the  value  of 
dt  in  arc  can  be  calculated.  Each  observation  furnishes  in  this 
manner  a  value  of  dlt  and  the  mean  of  the  several  values,  which 
mean  will  be  called  d0,  is  the  adopted  interval  corresponding 
to  the  polar  distance  A0.  The  same  process  has  to  be  gone 
through  for  each  wire. 

119.  Now   let   A0  +  n  represent   any  polar    distance    of 
Polaris,  n  being  expressed  in   seconds,  and   let  d0  +  q  be  the 
corresponding  interval.     Then  since  sin  (A0  +  n)  sin  (d0  +  q)  is 
equal  to  sin  A0  sin  dQ)  it  will  be  found,  if  only  first  powers  of  the 
small  quantities  n  and  q  be  retained,  that  q  =  —  n  cot  A0  tan  d0. 
The  value  of  n  may  be  taken  from  the  pages  of  the  Nautical 
Almanac  containing  the  apparent  places   of  Polaris ;    but   as 
declinations  are  there  given  in  place  of  polar  distances,  it  will 
be  convenient  to  substitute  in  the  above  expression  90°  —  D0 
for   A0   and   —  n  for  n.     We  shall  then  have  for  the  interval 
d0  +  q   corresponding   to   the   declination   jD0  +  n  the   general 
expression 

*?? 

eZ0  (in  time)  -f  —  tan  D0  tan  dQ, 

-LO 

n  being  now  taken  immediately  from  the  Nautical  Almanac. 

1 20.  The  same  formula  is  applicable  to  any  other  circum- 
polar  star  in  the  Nautical  Almanac,  as  S  Ursse  Minoris,  or  51 
(Hev.)   Cephei ;    but  in   these   cases  we   have   the   choice   of 
determining  D0  by  independent  observations,  or  inferring   its 
value  from  that  adopted  for   Polaris.     The   latter  method   is 
perhaps  to   be  preferred,  the  value   for   Polaris   admitting  of 
superior  exactness  of  determination  on  account  of  the  proximity 
of  this  star  to  the  Pole.     If  d0'  and  D0'  be  corresponding  values 


112 


PRACTICAL  ASTRONOMY. 


of  wire-interval  and  declination  for  the  second  star,  those  for 
Polaris  being  d0  and  Z>0,  we  have 

sin  h  =  cos  D0  sin  dQ  =  cos  D0'  sin  d0' ; 
or  sin  d0'  —  sec  D0'  cos  D0  sin  d0. 

Hence  d0',  corresponding  to  a  selected  declination  Z)0',  may  be 
calculated,  and  then  the  interval  corresponding  to  any  other 
declination  D0'  +  n  may  be  obtained  by  means  of  a  formula 
analogous  to  that  for  d0  +  q  given  above. 

121.  The  subjoined  Table  of  the  several  intervals  of  the 
wires  from  the  mean  of  all  for  the  case  of  an  equatorial  star, 
and  for  given  declinations  of  Polaris  and  8  TJrsse  Minoris,  was 
formed  by  calculating  according  to  the  rules  indicated  in  Arts. 
116,  118 — 120.  The  data  for  the  calculation  consisted  of  the 
transit-times  of  eleven  complete  observations  of  Polaris  taken 
from  October  3, 1853,  to  April  13, 1854,  as  contained  in  Volume 
XIX.  of  the  Cambridge  Observations. 


Wire. 

Interval 
for  an 
Equatorial 
Star. 

Interval  for  Polaris.     De- 
clination =  88°  32'  +  n. 

Interval  for  5  Ursas 
Minoris.    Declination 
=  86°36'  +  n. 

8. 

m.         s.            B. 

m.         s.            s. 

A 

-  40,352 

-26.  20,03-0,30171 

-11.  20,39  -0,056™ 

B 

-26,867 

-17.  30,72  -0,199™ 

-    7.  33,03-0,037™ 

C 

-  13,577 

-    8.  50,59  -0,101™ 

-    3.  48,93-0,019/1 

D 

+    0,068 

+  2,68 

+  1,16 

E 

+  13,521 

+    8.  48,37  +  0,10071 

+    3.  47,98  +  0,019ra 

F 

+  26,908 

+  17.  32,33  +  0,200^ 

+    7.  33,72  +  0,037™ 

G 

+  40,310 

+  26  .  18,35  +  0,300™ 

+  11.   19,69  +  0,0567* 

The  intervals  (d0)  for  Polaris  corresponding  to  the  declina- 
tion 88°  32'  are  each  the  mean  of  the  values  derived  by  the 
process  stated  in  Art.  118,  from  the  eleven  intervals  given  by 
the  observations,  and  the  intervals  (d0')  for  S  Ursse  Minoris  cor- 
responding to  the  declination  86°  36'  were  calculated  from  the 
values  of  d0'  by  the  formula  in  Art.  120.  The  above  Table 
was  used  from  September  21,  1853,  to  the  end  of  1854,  on 
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which  account  the  selected  values  of  D0  and  Dn'  are  88°  32'  and 
86°  36'.  The  equatorial  intervals  were  calculated  from  the 
same  values  of  d0  (see  Art.  60).  [The  above  Table  was  formed 
independently  of  that  in  page  xxxiv  of  Volume  XIX.,  from  which 
it  slightly  differs,  owing  to  differences  of  the  data  and  details  of 
the  calculation.] 

122.     For  observing  transits  of  faint  objects  which  admitted 
of  very  little  illumination  of  the  field,  I  found  that  dark  bars 
of  moderate  breadth  could  be  used  with  good  effect.     A  set  of 
such  bars,  two  on  each  side  of  the  system  of  wires,  was  inserted 
in  the  Cambridge  transit-telescope   between   August  29   and 
September  21, 1853,  and  after  that  date  transits  of  faint  objects, 
such   as   the   asteroids,   were   often  taken   at    the    bars,   and 
generally  at  the  first  edges,  the  observations  of  disappearance 
being  thought  to  be  more  certain  than  those  of  re-appearance 
at  the  second  edges.     These  bar-transits  are  all  reduced  to 
transits  across  the  mean  of  the  wires,  the  intervals  of  the  bar- 
edges  from  this  mean  being  determined  as  follows.     In  all  the 
instances,  from  September  26,  1853,  to  July  24,  1854,  in  which 
for  this  purpose  transits  of  Polaris  were  taken  at  the  wires  and 
at  the  bars  in  the  same  meridian  passage,  the  interval  between 
each  bar-transit  and  the  mean  of  the  wire-transits  reduced  in 
the  usual  way  to  the  mean  of  all  the  wires,  was  determined. 
To  each  such  interval  for  a  given  edge,  and  the  corresponding 
declination  of  Polaris,  a  weight  was   attached  proportional  to 
the  number  of  wire-transits,  and  from  all   the   intervals   and 
decimations,   account  being   taken   of    the   weights,    a  mean 
interval   (£')    corresponding  to   a  mean   declination   (Z)'),  was 
deduced.     Then  the  equatorial  interval  (a')  for  the  given  edge 
was  obtained  by  means  of  the  formula,  sin  15a'  =  cos  D'  sin  I5t'. 
The  same  computation  was  gone  through  for  all  the  edges,  and 
the  eight  intervals  were  arranged  in  the  order  of  the  transits 
of  a  star  above  pole  for  Illumination  East.     Then,  for  facility  of 
calculation,  a  list  was  formed  of  the  reductions  to  the  mean  of 
the  wires  for  an  equatorial  star  in  all  the  cases  that  could  occur 
of  transits,  broken  and  complete,  at  first  edges,  both  for  Illumi- 
nation East  and  Illumination  West,  so  that  the  reduction  in 
C.  8 
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any  instance  of  a  bar-transit  was  obtainable  by  simply  mul- 
tiplying the  proper  equatorial  reduction  by  the  cosecant  of 
polar  distance.  (See  Cambridge  Observations,  Vol.  XX.,  pages 
ii  and  iii). 

123.  In  the  ease  of  the  Sun,  or  any  body  of  the  Solar 
System,  the  diurnal  motion  is  diminished  by  the  apparent 
increment  of  Right  Ascension  due  to  the  motion  of  the  body 
in  its  orbit.  If;  therefore,  /  be  the  horary  increment  of  its 
E-.  A.,  as  given  in  the  Nautical  Almanac,  or  by  other  means 
obtainable,  any  interval  for  the  moving  body  is  greater  than 
that  for  a  star  of  the  same  polar  distance  in  the  ratio  of  3600 
to  3600—7.  Hence  for  the  Sun,  or  a  Planet,  or  a  Comet, 

,         3600 


124.  For  the  Moon  another  factor  is  required,  in  order  to 
take  account  of  parallax,  the  effect  of  which  in  this  case  is  of 
sensible  amount.  In  Figure  27,  A  is  the  place  of  the  observer 


on  the  meridian  AE,  C  the  Earth's  centre,  CE  the  radius  of  the 
Equator,  CAZ  the  direction  of  Geocentric  Zenith,  L Az  that  of 
Astronomical  Zenith,  and  M  the  position  of  the  Moon  in  its 
orbit,  so  that  the  angle  A  MG  is  the  parallax  (p).  The  effect  of 
this  parallax  on  the  Moon's  apparent  motion  may  be  determined 
as  follows.  If  we  suppose  an  angular  motion  about  the  Earth's 
axis,  equal  and  opposite  to  the  Earth's  rotation,  to  be  impressed 
in  common  on  all  bodies,  the  Earth  will  be,  as  it  appears  to  be, 
at  rest,  and  the  motions  of  the  other  bodies  will  be  just  what 
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they  appear  to  be.  But  in  that  case  if  co  be  the  impressed 
angular  motion  and  D  the  distance  of  the  Moon  from  the 
Earth's  axis,  the  motion  impressed  on  the  Moon  will  be  Deo ; 
and  if  w  be  the  Moon's  orbital  motion  resolved  parallel  to  the 
Equator,  the  whole  motion  in  space  about  the  Earth's  axis  is 
Da  +  w.  This  quantity,  divided  by  AM  the  distance  of  the 
spectator  from  the  Moon,  gives  the  Moon's  local  angular  motion, 
or  that  which  is  measured  by  a  transit  instrument  at  the  place. 
The  angular  motion  relative  to  C  the  Earth's  centre  is  the  same 
quantity  divided  by  CM.  Hence  the  above  interval  d  is  short- 
ened by  the  parallax  in  the  ratio  of  the  distances,  or  the 

AM 

additional  factor  for  the  Moon  is  -n   •     Now  we  have 


AM _  sin  /  ACM _  sin  (Zl  —p) 
~CM=sm*ZAM  =      sin^      ' 

^1(7     sin^Jfa     sinp  AC    CE 

also  >,-.>=— ; „  A  •»*•  =  —• — TT  '•>  and  .'.  sin  p  =  -77=..   ~ , , .  sin  £.. 

(7Jf     sm  ^  £J.lf     sm  ^ '  CE    CM 

Suppose  that  simultaneously  with  the  transit  observation  the 
Moon's  apparent  zenith  distance  zAM  was  found  by  a  Mural 
Circle  or  a  Transit  Circle  to  be  Z,  and  that  the  local  angle  of 

A  C 
the  vertex    ( =  e),   and   ratio   -^  ( —  p),  are  known.      Then 

Z^Z—e;  and  if  P  be  the  Moon's  Equatorial  Horizontal 
Parallax,  -^nrf—  sin  P.  Hence  we  have 

sinp  —  p  sin  Psin  (Z  —  e), 

by  which  formula,  after  deriving  P  by  interpolation  from  the 
Nautical  Almanac,  p  may  be  calculated.  Then  the  required 
factor,  being  equal  to  cosec  (Z-  e)  sin  (Z—  e  —  p),  is  readily 
obtained.  In  this  calculation  the  arcs  p  and  P  should  not  be 
substituted  for  their  sines.  For  the  latitude  of  the  Cambridge 
Observatory  p  =  [9,9990916],  and  e  =  11'  12",  the  ratio  of  the 
Earth's  axes  being  assumed  to  be  that  of  297  to  298. 

If  the  Moon's  apparent  zenith  distance  be  not  determined 
by   observation,  the  ratio  of  AM  to  CM  may   be  calculated 

8—2 
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as   follows,      If  X  =  *.  ALE,  the   latitude   of  the   observatory, 
L  A  CE  =  \  —  c  ;    and   if  A  =  /  MCE,  the  Moon's   Geocentric 
Decimation,  to  be  obtained  by  interpolation  from  the  Nautical 
Almanac,  the  -t  A  CM  =  X  —  *—  A. 

AM     sintACM        sin(X-e-A) 

•  _  -  —  _  =  -  -  - 

CM     smtZAM     sin(X-e-  A+p)* 
Also  sin  p  =  p  sin  P  sin  (X  —  e  —  A  -f  p)  ; 

p  sin  Psin  (X  —  e  —A) 
-i-  —  —      v     -  ~ 


or  .     n       .  t 

1  —  p  sm  Pcos  (X  —  e  —  A) 

It  will  generally  be  sufficiently  accurate  to  omit  the  small  term 
in  the  denominator.  After  obtaining  p  from  this  equation,  the 
ratio  of  AM  to  CM  is  obtainable  from  the  formula  above.  (For 
the  Cambridge  Observatory  the  val  ue  of  X  —  e  to  the  nearest 
second  is  52°  1'  40".)  Putting  F  for  this  factor,  we  have  for  the 
Moon 

,         3600 


3600 

I  being  taken  immediately  from  the  column  of  c  Variation  of 
the  Moon's  R.  A.  in  one  hour  of  longitude  '  under  the  head  of 
Moon-culminating  Stars  in  the  Nautical  Almanac. 

125.  I  take  occasion  to  remark  here  that  although  for  the 
Moon  the  interval  of  any  wire  from  the  mean  of  the  wires  is 
partly  dependent  on  parallax,  the  measurement  of  the  Moon's 
diameter  by  transits,  spoken  of  in  Art.  110,  is  not  thereby 
sensibly  affected.   The  reason  of  this  is  that  the  Moon's  apparent 
diameter  is  greater  to  the  spectator  at  A  than  to  the  spectator 
at  C,  in  the  same  proportion  that  the  apparent  motion  is  greater, 
so  that  the  duration  of  the  transit  of  diameter  is  independent 
of  the   place   of   the   observer.     This    is  true  also  of  transit 
measures  of  the  Moon's  diameter  taken  out  of  the  meridian 
with  an  Equatorial  Instrument. 

126.  Having  shewn  how  to  calculate  the  interval  of  the 
transit  of  any  celestial  body  across  any  wire  from  the  mean  of 
the  transit-times  of  a  complete  observation,  we  are  now  able  to 
obtain  a  rule  for  applying  a  correction  for  reducing  to  that 
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mean  the  mean  of  the  observed  times  of  a  broken  observation. 
The  rule  may  be  inferred  from  a  particular  instance,  such  as 
the  following.  The  number  of  wires  being  seven,  suppose  the 
times  to  be  observed  at  four  wires  and  to  be  omitted  at  three, 
and  let  m  be  the  required  reduced  time  of  transit  across  the 
mean  of  all  the  wires.  Then  if  m  +  a,  m  -f  b,  m  +  c,  m  +  d  be 
the  observed  times,  aad  m  +  e,  m+f,  m  +  g  the-  omitted  times, 
we  shall  have- 


_  (m  +  a)  +  (m  +  5)  +  (m  +  c)  +  (m  +  d)  ,.  e  +/+  g 
*  4 

supposing  the-  observed  times  to  be  correct,  because  in  that  case 
a  +  b  +  c  +d  +  &+f+g  =  Q.  The  signs  of  a,  &,.  c,  &c.  are 
positive  or  negative  according  as  they  designate  intervals  after 
or  before  mid-transit.  (See  Table  in,  p.  112.)  Hence  the 
following  rule  :•  —  Obtain  the  mean  of  the  observed  times,  and 
add  to  it  the  sum  of  the  calculated  intervals  of  the  lost  wires 
from  mid-transit  divided  by  the  number  of  the  observed  times. 

127.  The  process  of  reducing  an  incomplete  observation  of 
any  star  to  the  time  of  mean  transit  having  been  indicated,  we 
may  now  proceed  to  take  into  consideration  the  method  of 
obtaining  Level  error  by  transits  of  Polaris  which  was  mentioned 
in  Art.  87.  Suppose,  first,  that  there  is  neither  collimation 
error,  nor  azimuth  error,  and  on  that  supposition  let  HZ'hN1  in 


Figure  28  represent  the  great  circle  described  by  the  line  of 
collimation,  cutting  the  great  circle  of  the  meridian  at  //  and  h 
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in  the  horizon.  Then  the  inclination  of  the  plane  of  collimation 
to  the  plane  of  the  meridian  is  the  /  ZHZ ',  or  the  small  arc  ZZ 
drawn  through  the  zenith  at  right  angles  to  the  two  planes.  A 
transit  of  Polaris  is  taken  at  four  wires  by  reflection  at  the 
surface  of  mercury,  and  at  the  remaining  three  by  direct  obser- 
vation, the  slow  motion  of  the  star  allowing  time,  after  securing 
the  reflection  observation,  to  set  for  the  other.  The  mean 
of  the  noted  times  is  in  each  case  reduced  to  time  of  transit 
across  the  mean  of  the  wires  by  the  method  explained  in 
Art.  126,  a  table  of  intervals  being  employed  such  as  that  for 
Polaris  in  page  112.  Let  ^  and  t2  be  the  reduced  times  for  the 
reflection  and  direct  observations  respectively.  Then  since  by 
the  principle  of  reflection  t  crOh  =  i  a  Oh,  the  small  arcs  an  and 
an  are  equal,  and  the  time  in  which  the  star  describes  either 

is  ^  ft  ~  £,).      Let  PZ  the   colatitude  of  the   observatory  =  I, 

M 

and  Pn  the  star's  polar  distance  =  8,  so  that  Zn  =  I  —  8  for 
Polaris  above  Pole.  Then  an,  which  is  equal  to  ZZ  cos  (I  —  8), 

is  also  equal  to  -0-  (t  ~  Q  sin  8. 

Tu 

The  correction  for  Level  error  is  positive  if  the  West  end  of  the 
axis  be  highest  (Art.  78),  and  in  that  case  Polaris  crosses  the 
plane  of  collimation  before  passing  the  meridian  in  the  direct 
observation,  and  after  passing  the  same  in  the  reflection 
observation.  Hence  ^  is  greater  than  t#  and  we  have 

ZZ'  =  an  sec  (I  -  8)  =  ^  ft  -*a)  sin  S sec  (I-  $). 

If  Polaris  be  below  Pole,  £2  is  greater  than  ^  for  a  positive 
-azimuth  error,  and  the  arc  Zn  is  I  +  8.  Hence  the  same  formula 
applies  by  merely  changing  the  sign  of  8.  Or,  taking  8  always 
positive,  and  the  respective  times  for  the  reflection  and  direct 
observations  to  be  always  t:  and  £2,  the  general  formula  is 

Level-correction  =  +  —  ft  —  £2)  sin  8  sec  (I  +  8), 
according:  as  Polaris  is  above  or  below  Pole. 
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The  effect  of  collimation  error,  if  it  existed  alone,  would  be 
to  make  the  line  of  collimation  describe  a  small  circle  of  the 
sphere  parallel  to  the  plane  of  the  meridian,  and  consequently, 
as  the  reduced  transit-time  would  be  the  same  for  the  direct, 
as  for  the  reflection,  observation,  ^  —  tz  would  be  zero.  Also  if 
there  were  only  azimuth  error,  each  reduced  time  would  be  the 
transit-time  across  the  same  vertical  plane  inclined  at  a  small 
angle  to  the  plane  of  the  meridian,  and  hence  as  far  as  depends 
on  azimuth  error  £,  — £,  will  again  be  zero.  Thus,  since  each 
small  error  is  independent  of  the  amounts  of  the  other  two,  the 
determination  of  Level  error  by  this  method  is  not  affected  by 
actual  small  errors  of  collimation  and  azimuth. 

128.  When  the  Level  error  has  been  found  either  by  the 
Spirit-level,  or  by  the  foregoing  method,  we  have  the  choice 
between  two  ways  of  determining  azimuth  error.     For  we  may 
either  obtain  the  sum  of  the  collimation  and  level  errors  by 
the   collimating  eye-piece  (Art.  84),  whence,  the   level  error 
being  known,  the  collimation  error  may  be  inferred ;  or  we  may 
find  the  collimation  error  directly   by  means   of  collimators 
(Arts.  53 — 56).     The  collimation  and  level  errors  being  thus 
in  either  case  both   ascertained,  the   azimuth   error  may  be 
calculated  by  the  methods  indicated  in  Arts.  88  and  89.     It 
will  be  seen  that  these  two  ways  of  finding  the  three  errors  do 
not  require  the  instrument  to  be  reversed,  and  are,  therefore, 
applicable  when  a  Transit-Circle  is  used  without  reversion.     It 
is,  however,  to  be  remarked,  that  as  the  determinations  ought  to 
be  free  from  any  effects  of  irregularities  of  the  forms  of  the 
pivots,  the  correction  of  such  effects  should  be  provided  for  by 
special  measures  of  the  co-ordinates  of  the  dots  (Arts.  94 — 96) 
for  all  the  positions  of  the  telescope  that   are   employed  for 
calculating  the  three  errors.      Upon   the   whole,   for  a  non- 
reversed   Transit-Circle,   the   best    method    seems    to    be    to 
determine  the  collimation  and  level  errors  by  combining  with 
the  use  of  collimators  that  of  the  collimating  eye-piece. 

129.  To  complete  what  has   to   be  said   relative   to   the 
Transit  Instrument  under  the  Third  Division,  it  remains  to 
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give  an  account  of  the  Chronographic*  method  of  registering 
transits  by  means  of  a  galvanic  circuit.  The  apparatus  em- 
ployed at  Greenwich  for  this  purpose  is  described,  with 
illustrations  by  plates,  in  the  Appendix  to  the  Volume  of 
Greenwich  Observations  for  1856,  to  which  "Description" 
recourse  must  be  had  by  those  who  desire  to  be  fully  acquainted 
with  all  the  details  of  this  method.  As  far  as  regards  these 
Lectures  it  will  suffice  to  give  a  general  account  of  the  chief 
parts  of  the  apparatus,  such  as  that  contained  in  the  Intro- 
ductions to  Volumes  of  the  Greenwich  Observations  (in  the 
Volume,  for  instance,  for  1874,  pp.  x  and  xi),  which  for  the 
most  part  I  have  followed  in  the  subjoined  statements. 

130.  A  clock  being  mounted  in  a  suitable  position,  its 
movement  is  governed  by  the  conical  rotation  of  a  sidereal 
seconds'  pendulum,  and  to  ensure  regularity  of  the  movement, 
which  is  an  essential  condition,  apparatus  is  provided  whereby, 
as  the  radius  of  the  conical  arc  increases,  a  revolving  plate  is 

1  This  is  also  called  the  American  method %  having  been,  both  as  to  principle 
and  working,  invented  solely  by  physicists  and  astronomers  of  the  United 
States.  I  was  first  made  acquainted  with  it  by  Professor  Mitchel  of  Cincinnati, 
some  time  in  1848  or  1849,  on  the  occasion  of  his  visiting  the  Cambridge 
Observatory,  when,  if  I  remember  rightly,  he  had  come  from  America  for  the 
purpose  of  executing  a  commission  to  procure  in  Europe  a  large  telescope  for 
the  Cincinnati  Observatory.  The  method  he  described  to  me  involved  the 
principle  of  automatic  registration  of  seconds  by  dots  impressed  on  a  revolving 
circular  disk  by  a  point  acted  upon  by  a  galvanic  current  in  connection  with  the 
seconds'  pendulum  of  an  astronomical  clock ;  a  radial  shifting  of  the  recording 
point  after  each  revolution  of  the  disk;  and  means  of  impressing  dots  by 
another  point  acted  upon  by  the  same  galvanic  current  at  the  will  of  the 
observer.  By  this  arrangement,  which  comprised  all  the  more  essential  parts 
of  the  invention,  the  seconds'  dots  radiated  from  the  centre  of  the  disk,  and  the 
seconds'  intervals  were,  therefore,  measured  by  arcs  increasing  with  the  radius. 
Mr  W.  C.  Bond,  Director  of  the  Harvard  College  Observatory,  introduced  a 
great  improvement  by  making  the  records  on  a  cylinder,  covered  with  paper, 
which  was  caused  by  appropriate  mechanism  to  revolve  uniformly  about  its 
axis,  and  at  the  same  time  to  have  a  uniform  slow  motion  in  the  direction  of 
the  axis.  By  these  means  the  seconds'  dots  are  separated  by  equal  intervals, 
and  are  arranged  without  confusion  on  the  turns  of  a  spiral.  (For  a  history  of 
the  successive  steps  of  this  important  invention,  see  Annals  of  the  Harvard 
Observatory i  Vol.  I.»  Part  I.,  pp.  xxiv — xxviii.) 
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dipped  deeper  in  an  annular  trough  of  glycerine,  thus  supplying 
increased  resistance  without  affecting  the  centrifugal  force  upon 
the  pendulum.  A  spindle  of  the  clock  gives  a  revolving  motion 
to  a  brass  barrel,  about  20  inches  long  and  12  inches  in 
diameter;  and  as  the  clock  with  conical  pendulum  moves 
without  jerks,  the  barrel  revolves  with  a  motion  sensibly  uni- 
form. A  point  on  the  cylindrical  surface  moves  through  0,3 
inch  nearly  in  a  second  of  time.  The  surface  is  completely 
covered  with  a  sheet  of  paper,  which,  when  filled  by  the  registra- 
tion, can  be  easily  removed,  to  be  replaced  by  another  sheet. 
A  different  spindle  of  the  clock  turns  two  long  screws,  which 
are  both  parallel  to  the  axis  of  the  barrel,  and  cause  a  travelling 
frame  to  traverse  its  whole  length.  In  one  revolution  of  the 
barrel  the  frame  moves  through  0,1  inch.  The  travelling 
frame  carries  two  levers,  each  armed  at  one  end  with  a  pricking 
point,  and  so  mounted  that  when  the  opposite  end  is  pulled 
away  from  the  barrel,  the  pricking  end  is  impressed  on  the 
barrel,  and  makes  a  permanent  puncture  on  the  paper.  The 
prickers  are  mounted  in  such  manner  that  when  their  points 
have  entered  the  paper,  they  yield  laterally  to  the  motion  of  the 
revolving  barrel,  and  do  not  scratch  the  paper.  [In  Bond's 
apparatus  (see  Note  p.  120)  a  pen  traces  a  continuous  spiral 
line  on  the  sheet  of  paper,  and  the  records  are  indicated  by 
small  offsets,  those  for  the  observations  being  distinguished  from 
the  others  by  being  somewhat  longer.]  Two  galvanic  magnets 
are  fixed  on  the  travelling  frame,  so  as  to  attract  the  lever  ends 
opposite  the  pricking  points,  and  thus  in  order  to  produce 
punctures  on  the  paper  by  these  points,  it  is  only  required  to 
send  galvanic  currents  through  the  magnets. 

One  of  the  prickers  registers  the  seconds  of  the  Sidereal 
Standard  Clock;  for  which  purpose  the  wires  of  its  magnet,  after 
passing  through  a  galvanic  battery,  are  led  to  the  Sidereal 
Standard  Relay,  which  completes  the  circuit,  and  produces  a 
puncture  at  each  second,  excepting  the  first  second  of  each 
minute.  The  omission  of  the  corresponding  puncture  serves  to 
indicate  the  commencement  of  each  minute.  The  circuit  can 
be  broken  at  pleasure,  and  the  movement  of  the  travelling- 
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frame  be  suspended  when  not  required  for  recording  obser- 
vations. 

The  other  pricker  is  used  for  registering  times  of  observation. 
The  wires  of  its  galvanic  magnet,  after  passing  through  a  battery, 
are  led  to  the  Transit-Circle-pier,  and  to  insulated  brass  rings 
on  the  transverse  axis  of  the  telescope,  whence  conducting  wires 
pass  within  the  telescope-tube  to  a  contact-piece  near  the  eye- 
end,  where  the  observer  by  a  touch  of  the  finger  can  complete 
the  circuit,  and  thus  make  a  puncture  on  the  revolving  barrel 
at  the  instant  he  judges  the  object  observed  to  be  on  a  transit- 
wire.  The  same  arrangement  is  made  available  for  transit 
observations  with  three  other  instruments,  the  Altazimuth,  the 
Great  Equatorial,  and  the  Sheepshanks  Equatorial.  Also  as  the 
clock  Hardy  is  still  employed  for  eye-and-ear  observations  of 
stars  near  the  pole,  its  contact  springs  are  occasionally  thrown 
into  circuit  with  the  magnet  of  the  observations-pricker,  so  as 
to  give  the  means  of  obtaining  from  the  chronograph-register 
the  difference  between  its  time-indications  and  those  of  the 
Sidereal  Standard  Clock. 

131.  The  chronographic  method  of  recording  transits  has 
two  special  advantages;  (1)  it  allows  of  taking  the  times  of 
transit  of  an  object  across  wires  separated  by  small  intervals, 
and,  consequently,  of  observing  several  objects  in  quick  succes- 
sion, at  the  same  time  that  each  is  taken  at  a  sufficient  number 
of  wires ;  (2)  the  estimation  of  the  fraction  of  a  second  can  be 
made  with  greater  certainty  by  this  method  than  by  the  eye- 
and-ear  observation,  inasmuch  as  the  position  of  the  observations- 
dot  relative  to  the  antecedent  seconds-dot  may  be  estimated 
from  the  register  at  leisure  by  sight  in  tenths  of  the  seconds- 
interval,  or  if  great  precision  be  required  it  may  be  read  off  by 
applying  to  the  interval  a  scale  of  ten  equal  parts.  Moreover, 
the  discordance  between  transits  taken  by  different  observers, 
due  to  what  is  termed  personal  equation,  is  found  to  be  less 
when  the  time  of  transit  is  recorded  by  means  of  the  senses  of 
sight  and  touch,  than  when  the  transits  are  observed  by  eye  and 
ear.  The  mode  of  eliminating  the  influence  of  personal  equa- 
tion on  the  results  of  transit  observations  will  come  under  con- 
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sideration  in  the  next  Division.  I  propose  to  add  here,  as  an 
appropriate  conclusion  of  Division  III.,  some  remarks  on  the 
character  of  this  peculiar  error,  and  its  amount  under  different 
circumstances. 

132.  In  Yolume  XLIX.  of  the  Astronomische  Nachrichten, 
cols.  1 — 30,  the  editor,  Professor  C.  A.  F.  Peters,  has  given  an 
elaborate  and  interesting  account  of  facts  relating  to  personal 
equation,  together  with  a  discussion  of  its  influence  in  chrono- 
graphic  registration  of  transits,  as  compared  with  that  in  the 
ordinary  method  of  observing  transits.  The  following  particu- 
lars have  been  extracted  from  that  article.  Maskelyne,  in  his 
account  of  the  Greenwich  Observations  of  1795,  made  the  remark 
that  although  the  transits  of  his  assistant  Kinnebrook  agreed 
with  his  own  at  the  beginning  of  that  year,  in  August  they  were 
0*,5  later,  which  difference  increased  in  1796  to  08,8.  Bessel, 
induced  by  that  remark,  subjected  the  facts  at  his  command  to 
a  full  enquiry,  from  the  results  of  which  (given  in  Part  8  of  the 
Kb'nigsberg  Observations)  it  appeared  that  Walbeck  observed 
later  than  himself  by  18,02,  and  Argelander  by  I8, 22,  and  that, 
as  shewn  by  direct  comparisons,  Struve's  transits  were  later  by 
08,04  in  1814,  and  by  0*,77  in  1834.  In  the  same  Article 
mention  is  made  of  other  differences  of  personal  equation,  not 
quite  so  remarkable :  Wolfers  observed  earlier  than  Nehus  by 
08,73,  Gerling  later  than  Nicolai  by  0*,78 ;  Rogerson  at 
Greenwich  observed  in  1854  earlier  than  Main  by  08,70, 
although  in  1840  he  observed  later  by  0s,  15,  whereas  in  the 
whole  of  the  twelve  years  1841 — 1853,  between  Main  and 
Henry  there  was  scarcely  any  difference.  These  facts  shew 
that  personal  equation  is  very  different  in  different  individuals, 
and  in  the  same  individual  is  not  a  constant  quantity.  Professor 
Peters  has  also  stated  that  although  Bessel's  observations  of 
transits  were  earlier  than  Argelander's  by  more  than  a  second, 
his  observations  of  sudden  phenomena,  as  occultations  of  stars 
by  the  Moon,  were  not  earlier  by  more  than  08,28. 

133.  For  judging  of  the  comparative  values  of  transits 
observed  by  the  chronographic  register  and  by  the  usual  method 
Professor  Peters  has  given  the  results  of  five  sets  of  observations, 
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made  by  five  combinations  of  two  out  of  four  observers,  each 
set  of  observations  consisting  of  transits  of  stars  taken  by  eye  and 
ear  on  one  day,  and  on  the  day  next  before  or  after  by  galvanic 
registration.  The  stars  observed  by  the  two  methods  were  for 
the  most  part  the  same  in  the  same  set,  but  different  stars  were 
observed  in  the  different  sets.  Each  observer  took  transits  of 
each  star  at  two  or  at  three  wires  by  the  usual  method,  and  at 
three  or  at  four  wires  by  the  register-apparatus.  The  general 
result  of  53  comparisons  may  be  stated  to  be,  that  personal 
equation  is  less  subject  to  variation,  and  the  probable  error  of 
the  transit-time  of  a  star  across  any  wire  is  considerably  (erhe- 
blich)  less,  by  the  new  method  than  by  the  old.  It  appears,  in 
fact,  from  all  the  comparisons  that  the  probable  error  of  a 
single  transit  is  08,082  by  the  usual  method,  and  08,060  by  the 
register-apparatus,  according  to  one  computation,  and  0*,087 
and  08,055,  according  to  another.  It  may  also  be  mentioned, 
as  farther  indication  of  the-  superiority  of  the  latter  method, 
that  it  agrees  better  than  the  other  with  observations,  such  as 
those  of  Polaris,  which  are  not  affected  by  personal  equation. 
From  the  foregoing  considerations  it  is  evident  that  differ- 
ences of  personal  equation  have  to-  be  determined,  whether  the 
transits  be  observed  by  the  galvanic  or  the  ordinary  method, 
as  is  done,  for  instance,  very  fully  from  year  to  year  for 
the  galvanic  method  in  the  Introductions  to  the  Greenwich 
Observations.  (See  the  Introduction  to  the  volume  for  1873, 
pp.  xliv — liii.) 

134.  From  the  experience  I  had  as  Director  of  the 
Cambridge  Observatory  I  am  able  to  add  the  following  particu- 
lars respecting  personal  equation  in  eye-and-ear  observations. 
From  reduced  transits  taken  in  the  year  1841,  nearly  contem- 
poraneously, by  myself  (C)  and  one  of  my  assistants,  Mr  John 
Glaisher  (G),  I  was  led  to  infer  that  our  observations  were 
"very  nearly  alike,"  and  from  like  contemporaneous  transits 
taken  in  the  same  year  by  G  and  my  other  assistant,  Mr  Baldrey 
(B),  it  appeared  that  B  observed  earlier  than  G  by  0*,28. 
(See  Cambridge  Observations,  Vol.  XIII.  for  1840  and  1841, 
p.  xxxviii.)  These  observations  were  not  made  with  any 
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reference  to  personal  equation.  In  1843,  July  24,  12fc— 13*, 
transits  were  specially  taken  for  determining  the  difference  of 
the  personal  equations  of  C  and  G.  Eight  stars  of  various  polar 
distances  were  selected,  one  observer  took  the  transit  of  the 
star  at  the  first  four  wires,  and  the  other  at  the  remaining  three, 
and  the  successive  observations  of  the  transits  were  commenced 
by  the  two  observers  alternately.  The  mean  result  of  the  eight 
comparisons  was,  that  C  observed  earlier  than  G  by  08,004, 
which  is  so  small  a  quantity  that  the  difference  of  the  personal 
equations  may  be  taken  to  be  zero.  The  particular  results, 
however,  indicated  a  small  difference  depending  on  the  polar 
distance  of  the  star,  C  observing  the  slower  moving  stars  later, 
and  the  quick  moving  stars  earlier,  than  G.  (See  Vol.  XV.  for 
1843,  p.  xii.)  In  the  Introductions  of  the  subsequent  Volumes 
of  Cambridge  Observations,  determinations  of  differences  of 
personal  equations  are  given  in  a  large  number  of  instance?, 
in  consequence  of  frequent  changes  of  the  observers  having 
occurred.  All  these  determinations  were  made  by  reducing 
independently  the  transits  of  each  observer  to  the  same  epoch, 
0*  of  sidereal  time,  the  clock's  rate  being  in  no  case  inferred 
from  the  transits  of  different  observers.  This  method  I  consider 
to  be  preferable  to  that  spoken  of  above  as  having  been 
employed  on  July  24,  1843.  The  amounts  of  difference  of 
personal  equation  range  generally  between  Os,2  and  Os,4,  but 
in  several  instances  are  much  smaller,  not  exceeding  the 
twentieth  of  a  second.  I  found,  for  instance,  that  the  transits 
of  Mr  Charles  Todd,  Mr  Carrington,  my  son  J.  L.  Challis,  and, 
as  is  stated  above,  those  of  Mr  John  Glaisher,  agreed  closely 
with  my  own.  The  last-named  observer  agreed  with  Mr  James 
Glaisher  of  the  Greenwich  Observatory,  who,  as  I  have  under- 
stood, agreed  with  the  Astronomer  Koyal,  as  also  did  Mr  Main, 
and  it  has  already  been  mentioned  that  there  was  very  little 
difference  between  Mr  Main  and  Mr  Henry.  Here  then  are 
nine  observers,  under  various  circumstances,  whose  transits  were 
found  to  be  in  accordance ;  from  which  it  would  seem  allowable 
to  infer  that  there  exists  a  faculty,  although  not  possessed  by  all 
observers,  of  taking  transits  nearly,  or  wholly,  unaffected  by 
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personal  equation;  that,  in  short,  there  is  a  right  way  and  a 
wrong  way  of  observing  transits  by  eye  and  ear. 

135.  Another  peculiarity,  which  is  of  the  nature  of  personal 
equation,  has  been  detected  in  transit  observations  of  the 
circular  discs  of  the  Sun,  Moon,  and  Planets,  some  observers 
recording  transit-times  of  the  two  limbs  which  are  neither 
consistent  with  those  of  stars  nor  with  each  other.  In  the 
Introduction  to  Volume  XIII.  of  Cambridge  Observations,  for 
1840  and  1841,  pp.  xxii — xxiii,  I  have  adduced  a  special  in- 
vestigation of  corrections  to  be  applied  on  this  account  to 
Mr  Baldrey's  observations  of  transits  of  the  Sun's  limbs,  and  to 
the  inferred  Right  Ascension  of  the  Sun's  centre.  Like  cor- 
rections are  also  obtained,  but  with  less  certainty,  for  transits  of 
the  limbs  of  the  Moon  and  of  several  Planets.  The  discrepancy 
appears  to  arise  chiefly  from  discordant  observations  of  second 
limbs.  It  may  here  also  be  mentioned  that  I  detected  a  con- 
stant difference  between  my  own  microscopic  bisections  of  a 
graduation-line  of  the  Mural  Circle  and  those  of  one  of  my 
assistants ;  which,  probably,  was  to  be  attributed  to  certain  phy- 
siological conditions  of  the  organs  of  sight,  differing  in  that 
respect  from  personal  equation,  which  seems  to  have  relation  to 
mental  conditions. 


IV.      CALCULATION     OF     APPARENT     RIGHT     ASCENSIONS     FROM 

THE  TRANSIT   OBSERVATIONS,  AND   OF  THE  MEAN   RIGHT 

ASCENSIONS  OF  STARS. 

136.  Before  indicating  the  processes  which  in  the  existing 
state  of  Practical  Astronomy  are  employed  for  inferring  ap- 
parent Right  Ascensions  from  reduced  meridian  transits,  and 
obtaining  concluded  Mean  Right  Ascensions  of  stars,  I  propose, 
with  the  view  of  distinctly  exhibiting  the  principles  involved  in 
those  processes,  to  state  historically  how  they  have  actually 
been  discovered,  and  to  shew  also  how  they  might  be  logically 
arrived  at  by  beginning  de  novo.  The  requisites  for  freeing  the 
transit-instrument  from  the  effects  of  faulty  mechanical  con- 
ditions, and  placing  it  exactly  in  the  plane  of  the  meridian, 
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were  very  imperfectly  understood  by  astronomers  who  preceded 
Flamsteed,  and  even  the  methods  which  he  employed  for  these 
purposes  fell  far  short  of  attainable  accuracy.  It  appears  from 
what  is  said  in  Division  II.,  that  it  is  possible  to  effect  all  the 
instrumental  adjustments  without  knowing  the  Right  Ascension 
of  any  star  (see  Art.  90).  This  having  been  done  according  to 
rule,  an  astronomer  provided  with  a  clock  going  pretty  re- 
gularly, might,  although  his  transit-instrument  were  imperfectly 
adjusted,  ascertain  the  clock's  rate  with  much  accuracy  by 
transits  from  day  to  day  of  the  same  unknown  star,  or  stars, 
inasmuch  as  the  transits  of  a  given  star  might  be  supposed,  for 
a  few  consecutive  days,  to  be  equally  affected  by  defect  of 
instrumental  adjustment.  The  clock's  rate,  which  is  the  differ- 
ence between  the  clock- times  of  transit  of  the  same  star  on 
consecutive  days  and  24  hours,  being  thus  sufficiently  deter- 
mined, he  might  proceed  to  calculate  the  differences  of  sidereal 
intervals  between  the  transits  of  different  stars,  and  after  fixing 
upon  one  of  them  as  a  point  of  reference,  the  sidereal  intervals 
between  the  transit  of  that  one  and  the  transits  of  all  the 
others  on  the  same  day  might  be  inferred.  These  intervals, 
which  would  be  affected  by  imperfect  instrumental  adjustment 
and  other  sources  of  error,  might,  however,  be  called  pro- 
visionally Right  Ascensions  of  the  different  stars,  such  deter- 
minations of  Right  Ascension  having  been  actually  made  by 
the  older  astronomers.  Flamsteed,  having  undertaken  to 
observe  Sun,  Moon,  and  Planets,  as  well  as  stars,  and  per- 
ceiving the  advantage  of  choosing  a  point  of  reference  not 
defined  by  the  place  of  a  star,  selected  for  his  purpose  the  point 
of  intersection  of  the  Equator  with  the  Ecliptic,  which  is  named 
the  first  point  of  Aries.  There  is,  besides,  a  particular  reason 
why  a  star  should  not  be  chosen  for  point  of  reference,  arising 
out  of  the  well  ascertained  fact  that  stars  have  proper  motions, 
in  consequence  of  which  the  determinations  of  Right  Ascension 
might  be  affected  to  an  unknown  amount,  and  in  different 
degrees,  by  the  differences  of  the  proper  motions  of  the  selected 
star  and  those  of  the  other  stars.  The  adoption  of  the  equi- 
noctial point  for  the  origin  of  arcs  of  Right  Ascension,  gets  rid 
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of  this  source  of  error,  and  at  the  same  time  allows  of  in- 
dependent determinations  of  the  proper  motions  of  stars  in  R.  A. 
Accordingly  I  proceed  now  to  describe  a  method  of  determining 
the  position  of  the  first  point  of  Aries,  which,  although  differing 
in  details  from  that  employed  by  Flamsteed,  is  the  same  in 
principle. 

137.     It  is   not  possible  to   determine  the  place   of  the 
Equinox  except  by  combining  transit  observations  of  the  Sun 
with  simultaneous  observations  of  its  declination  by  a  Mural 
Circle,  or  a  Transit-Circle.    Hence,  although  the  mode  of  taking 
observations  of  declination  has  not  yet  been  under  consideration, 
I  shall  anticipate  so  far  as  to  assume  that  transits  of  the  Sun's 
centre  and  observations  of  its  declination  are  taken  at  the  same 
time  at  several  meridian  passages  both  preceding  and  following 
the  Vernal  Equinox.     (As   respects   the  logic   of  the  present 
enquiry  it  may  be  remarked,  that  the  supposed  observations  of 
the   Sun's   declination   are   simply  obtained   by   instrumental 
means,  and  are  in  no  way  dependent   on   determinations   of 
places  of  stars,  or  of  their   right   ascensions.)     Supposing,  in 
accordance  with  what  is  stated  in  Art.  136,  the  errors  of  colli- 
mation,  level,  and  azimuth,  of  the  Transit  Instrument  to  be 
ascertained  prior  to  any  determination  of  the  right  ascensions 
of  stars,  and  the  clock  to  be  rated  by  transits  of  unknown  stars, 
let  tv  tzy  t3,  &c.  be  the  clock-times  of  the  several  transits  of  the 
Sun's  centre  observed  near   the   Equinox,  corrected   both   for 
instrumental  errors  and  for  clock-rate,  so  that  t2  —  tlt  ts  —  t2,  &c. 
are   true   sidereal   intervals    between    the    transits.     Then   if 
dlt  d2,  ds,  &c.  be  the  simultaneously  observed  declinations   of 
the  Sun's  centre,  and  d  the  declination  at  any  arbitrary  time  ty 
and  if  we  take,  for  the  sake  of  simplicity,  only  three  transits, 
we  shall  have  by  a  known  formula  of  interpolation 

._  («-0(<-0  d  ,  («-0(«-0  .,  ,   («-0(«-0  d 

~  («.  -  g  («,  -  o~  '  &  -  y  («,  -  o  '  («,  -  *,)  (t,  -  o  •' 

Suppose  now  that  d  =  0,  or  that  the  Sun  is  at  the  Equinox. 
Then  for  determining  the  corresponding  clock -time  t0,  we  have 
an  equation  of  the  form  0  =  A  +  Bt0+  Ct*,  in  which  A,  B,  G 
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are  given  functions  of  tlt  £2,  t3  and  dv  dv  d3.  Hence,  after  ob- 
taining a  positive  value  of  t0  from  the  solution  of  this  equation, 
if  we  subtract  this  value  from  each  of  the  times  tlt  tz,  ta  we 
obtain  sidereal  intervals  reckoned  from  the  instant  at  which 
the  Sun  passed  from  the  South  to  the  North  side  of  the  Equator. 
(Similarly,  sidereal  intervals  reckoned  from  the  instant  the  Sun 
passed  from  the  North  to  the  South  side  of  the  Equator  might 
be  obtained  by  observations  made  near  the  Autumnal  Equinox.) 
We  have  now  to  find  the  clock-error  when  the  Equinox  is  on 
the  meridian  of  the  place  of  observation,  which  is  equivalent  to 
making  the  clock  indicate  local  sidereal  time. 

138.  The  rate  of  change  of  the  Sun's  right  ascension  about 
the  time  of  the  Equinox  may  be  inferred  as  follows  from  the  above 
mentioned  Transit  observations.  Let,  for  instance,  a  be  the 
increment  of  the  Sun's  R.  A.  in  the  interval  tn  —  tn_^  between  two 
meridian  transits,  which,  for  the  sake  of  simplicity,  will  be  sup- 
posed to  be  the  one  next  before,  and  the  one  next  after,  the  passage 
of  the  Sun  through  the  equinoctial  point.  Now  this  increment 
takes  place  in  24h  -f  a  of  sidereal  time,  so  that  tn  —  tn-l  =  24h  +  a  ; 
or  a  =  tn  —  tn_i  —  24h.  Hence  the  increment  in  the  interval 

tn  -  t0  is  (tn  -  ^  -  24h)    n  ~  °  ,  which  must  be  the  Sun's  actual 

*n  ~~  s*-i 
right  ascension  at  the  epoch  tn)  because  at  the  beginning  of  that 

interval  the  R.  A.  was  zero.  Hence  the  correction  of  the  clock- 
error  at  the  time  tn  is  the  excess  of  that  R.  A.  above  tn,  which  is 

equal  to  —  tQ  -  24h    n      °  .     So  the  correction  of  clock-error  at 

*-* 


the  time  tn_^  is  -  10  +  24h  °  ~  n~l  .     (The  first  or  second  of  these 

ln  -  £«-! 

expressions  should  be  preferred  according  as  tn  —  10  is  less  or 
greater  than  t0  —  tn_t.)  When  the  clock  has  been  actually,  or 
virtually,  corrected  according  to  either  expression,  the  seconds' 
hand  is  made  to  point  to  Oh,0  when  the  Equinox  is  on  the 
meridian,  and  consequently  the  clock  will  indicate  local  sidereal 
time.  The  error  of  the  clock  at  a  given  epoch  being  thus  cor- 
rected, and  its  rate  being  supposed  to  be  continuously  deter- 
mined, its  error  at  the  clock-time  of  the  meridian  transit  of  any 
c.  9 
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object  can  be  deduced,  and  accordingly  the  clock  and  transit- 
instrument  be  employed  to  record  the  R.  A.  of  any  number 
of  objects  as  referred  to  the  Equinox  of  the  given  epoch.  The 
rate  of  regression  of  the  Equinox  being  supposed  to  be  uniform 
and  of  known  amount,  the  origin  of  these  R  A.  might  be 
transferred  to  the  position  of  the  Equinox  at  any  other  given 
epoch ;  and  it  is  evident  that  the  R.  A.  of  a  given  star,  as  deter- 
mined by  transits  on  different  days,  might  also  be  referred  to 
this  origin,  and  the  mean  of  several  determinations  be  adopted 
as  the  value  at  the  new  epoch. 

139.  Flamsteed  formed  his  catalogued  right  ascensions  in 
the  Historia  Gcelestis  for  the  most  part  in  the  above  manner, 
making  use  of  a  very  accurate  value  of  the  precession  of  the 
Equinoxes.  But  his  results  were  affected  by  two  sources  of  error 
with  which  he  was  unacquainted.  Assuming  the  regression  of 
the  Equinoxes,  as  well  as  the  earth's  rotation  about  its  axis,  to 
be  uniform,  astronomers  at  that  time  inferred  that  the  arc  of 
the  Equator  between  the  Equinox  and  the  Circle  of  Declination 
of  a  star  might  be  exactly  measured  by  a  correctly  regulated 
clock.  Bradley  discovered  that  for  two  reasons  this  is  not  the 
case.  First,  because  the  actual  regression  of  the  Equinox  is 
not  uniform,  but  oscillates  about  a  mean  regression,  and  again, 
because,  by  reason  of  the  aberration  of  light,  the  apparent  place 
of  a  star  undergoes  variations  depending  both  on  its  position  in 
the  heavens  and  on  the  season  of  the  year.  Bradley,  after 
allowing  for  regular  precession,  distinguished  by  his  observations 
between  these  two  kinds  of  irregularity,  and  not  only  deter- 
mined the  quantities  and  laws  of  both,  but  ascribed  them  to 
true  causes,  the  variation  of  the  rate  of  precession  to  nutation 
of  the  earth's  axis,  and  aberration  to  a  relation  between  the 
velocity  of  the  earth  in  its  orbit  and  the  velocity  of  the  pro- 
pagation of  light.  The  former  cause  has  been  confirmed  by  the 
theory  of  gravitation,  Laplace  having  found  that  the  attractions 
of  the  Sun  and  Moon  on  the  protuberant  equatorial  parts  of  the 
earth  produce  a  nutation  of  its  axis  agreeing  in  law  and  amount 
with  the  results  of  Bradley's  observations.  Respecting  what  I 
conceive  to  be  the  rationale  of  the  observed  effects  of  aberration 
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in  telescopic  observations  I  propose  to  introduce  a  Note  in  a 
subsequent  part  of  this  work.  At  present  we  may  proceed  to 
consider  how  transit  observations  are  freed  from  the  con- 
sequences of  these  two  sources  of  error. 

140.  Admitting  it  to  be  proved  by  the  theory  of  gravity  that 
the  uniformity  of  the  earth's  diurnal  rotation  is  not  affected  by 
the  nutation  of  its  axis,  it  is  evident  that  the  difference  of  the 
meridian-transits  of  two  stars,  as  shewn  by  a  well  regulated 
clock,  does  not  exactly  measure  the  difference  of  their  R.  A., 
inasmuch  as  the  pointing  of  the  telescope  towards  any  star  will 
be  altered  in  a  certain  manner  by  such  nutation.  At  the  same 
time  it  is  altered  by  the  apparent  displacement  of  the  star  by 
aberration.  Bradley's  discoveries  gave  the  means  of  calculating 
precisely  the  amounts  by  which  the  visual  direction  of  the  star 
is  changed  in  R.  A.  by  each  of  these  causes,  and  consequently  of 
correcting  the  instrumental  measurement  of  the  apparent  differ- 
ence of  R.  A.  of  the  stars  so  as  to  reduce  it  to  the  true  difference, 
as  measured  by  a  clock  regulated  according  to  the  rate  of  the 
earth's  rotation.  It  should  also  here  be  noticed  that  the  theory 
of  gravity  has  detected  another  cause  of  error  due  to  the 
circumstance  that  the  attraction  of  the  earth  by  the  Planets 
changes  the  inclination  of  the  plane  of  the  earth's  orbit  to  the 
plane  of  its  Equator,  thereby  producing  a  small  progression  of 
the  first  point  of  Aries  along  the  Equator,  the  law  and  amount 
of  which  have  been  determined  by  the  same  theory.  This  is 
Planetary  Precession,  as  distinguished  from  Lunisolar  Preces- 
sion, the  two  together  constituting  General  Precession.  When 
the  fluctuations  of  value  arising  from  these  several  causes  have 
been  eliminated  from  the  instrumental  measures  of  the  differ- 
ence of  R.  A.  of  two  stars,  the  resulting  mean  measures  are  com- 
parable with  each  other,  and  from  a  large  number  of  such  deter- 
minations an  exact  measure  of  the  difference  of  the  mean  R.  A. 
of  the  stars  at  the  epoch  of  the  mean  of  the  times  of  the 
measures  may  be  inferred.  The  different  measures,  for  greater 
certainty,  may  be  extended  over  a  considerable  number  of  years. 
Maskelyne  selected  for  such  observations  36  stars  suitably  dis- 
tributed over  the  heavens,  and  bright  enough  to  be  seen  in  day- 

9—2 
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time,  and  compared  each  in  K.  A.  a  great  number  of  times  with 
one  of  them,  a  Aquilse.  The  R  A.  of  this  one  was  referred,  by 
the  intervention  of  observations  of  the  Sun,  to  the  mean  place  of 
the  Equinox  at  a  certain  epoch,  the  process  being  mainly  the 
same  as  that  of  Flamsteed,  which  has  already  been  described  in 
Arts.  137  and  138.  After  determining  the  absolute  R  A.  of 
the  36  stars  in  this  manner,  Maskelyne  named  them  Funda- 
mental Stars1.  The  Apparent  and  Mean  Places  of  fundamental 
stars  form  an  essential  part  of  the  contents  of  the  Nautical 
Almanac2.  At  the  present  time  this  work  contains  the  mean 
places  of  149  standard  stars  for  the  beginning  of  the  year,  the 
apparent  places  of  144  for  every  tenth  day  of  the  year,  and  the 
apparent  places  of  the  remaining  five,  which  are  near  the  North 
or  South  pole,  for  every  day.  The  mean  places  of  136  were 
derived  from  the  Seven-year  Catalogue  forming  Appendix  I.  of 
the  volume  of  Greenwich  Observations  for  1862. 

141.  In  the  determination  of  the  place  of  the  Equinox  by 
Flamsteed's  method,  only  observations  of  the  Sun  taken  near 
the  times  of  the  Equinoxes  are  made  use  of.     In  the  Volumes 
of  the  Greenwich  Observations,  as  also  in  those  of  the  Cambridge 
Observations,  the   place   of  the   first  point  of  Aries  and  the 
obliquity  of  the  Ecliptic,  together  with  the  mean  error  of  the 
assumed  R  A.  of  the  fundamental  stars,  are  calculated  from  all 
the  meridian  observations  of  the  Sun  taken  in  the  course  of 
any  one  year,  beginning  at  January  1.     The  process  by  which 
this  is  done  cannot  be  logically  indicated  till  the  reduction  of 
Circle  observations  of  the  Sun's  decimation  has  been  treated  of; 
at  present  we  may  go  on  to  enquire  in  what  way  the  apparent 
RA.  of  objects  are  deduced  when  their  transits   have   been 
taken  contemporaneously  with  those  of  fundamental  stars. 

142.  The  formulae  now  generally  employed  for  calculating 
apparent  places  of  stars  from  mean  places,  or,  reversely,  mean 
places  from  apparent,  depend  upon  astronomical  researches  of 

1  See  Grant's  History  of  Physical  Astronomy,  p.  489.  Respecting  the  history 
of  Practical  Astronomy  generally,  much  valuable  and  interesting  information  is 
given  in  Chapter  xvui.  of  that  work. 

3  The  original  publication  of  the  Nautical  Almanac,  which  was  due  to  Mas- 
kelyne, took  place  in  1767. 
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Bessel  contained  in  his  Fundamenta  Astronomice  published  in 
1818,  and  his  Tabulce  jRegiomontance  published  in  1830.  The 
former  work  consists  principally  of  two  catalogues  of  all  the 
observations  of  stars  made  by  Bradley  at  Greenwich  in  the 
years  1750 — 1762,  reduced  to  the  beginning  of  1755,  together 
with  discussions  relative  to  the  constant  of  aberration  and  the 
Precession  of  the  Equinoxes.  In  both  works  Bessel  commences 
his  investigations  relative  to  Precession  and  the  Nutation  of 
the  earth's  axis  with  adopting  Laplace's  gravitational  formulas 
given  in  Tom.  in.  of  the  Mfaanique  Celeste,  but  without 
accepting  the  numerical  values  of  the  principal  constants. 
These  he  undertook  to  correct,  first,  by  adopting  a  more  recent 
determination  of  the  mass  of  Venus,  and  then  by  calculating 
general  precession  exclusively  from  comparisons  of  Bradley 's 
places  of  stars  1755,0  with  places  in  Piazzi's  Catalogue 
of  1800,0,  after  applying  a  general  correction  to  the  latter 
deduced  from  absolute  Right  Ascensions  of  Maskelyne's 
36  fundamental  stars  inferred  from  his  own  observations. 
By  this  means  he  finally  obtained  in  the  Tabulce  Eegio- 
montance,  p.  v.,  for  the  indefinite  epoch  1750  + 1,  the  subjoined 
formulae,  in  which  ^  is  the  lunisolar  precession,  or  movement, 
in  the  interval  t,  of  the  point  of  intersection  of  the  Equator 
with  a  fixed  great  circle  with  which  the  Ecliptic  coincided 
at  the  beginning  of  1750,  -^  is  the  general  precession  or 
movement  in  the  same  interval  of  the  intersection  of  the 
Equator  with  the  actual  position  of  the  Ecliptic,  a>  is  the  arc 
between  the  Pole  of  the  Equator  and  the  Pole  of  the  fixed 
Ecliptic  at  the  epoch  1750  -f  t,  and  o^  that  between  the  Poles 
of  the  Equator  and  the  actual  Ecliptic  at  the  same  epoch : 

^  =  50",37572£  -  0",0001217945f, 
^  =  50",21129*  +  0",0001221483£2, 
co  =  23°  28'  18",0  +  0",00000984233ft 
^  =  23°  28'  18", 0  -  0",48368£  -  0",00000272295*2. 
According  to  these  formulaB  the  constant  of  general  precession 
at   1750,0  is   50",21129,  and   the   annual   diminution    of  the 
obliquity  of  the  Ecliptic  is  0",48368.     For  constant  of  annual 
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aberration  Bessel  adopts  Delambre's  value,  20",255,  as  being 
nearly  the  same  as  that  given  by  Bradley's  observations  of 
7  Draconis.  Also  taking  the  Sun's  parallax  to  be  8",5776 
as  found  by  Encke,  he  obtains  for  the  constant  of  diurnal 
aberration  0",30847  (Tab.  Reg.  p.  xxii).  The  values  of 
Solar  Parallax  and  constant  of  annual  aberration  which 
I  have  employed  in  Art.  63  for  calculating  local  diurnal 
aberration,  give  a  value  of  that  constant  larger  than  0",30847 
by  0",01576. 

143.  Since  the  publication  of  the  Tabulce  JRegiomontance, 
astronomers  have  bestowed  much  labour  on  investigations  for 
correcting  as  accurately  as  possible  Bessel's  values  of  the 
principal  constants.  This  may  be  pre-eminently  said  with 
respect  to  three  dissertations  contained  in  the  Memoirs  of  the 
Imperial  Academy  of  Sciences  of  St  Petersbourg,  Tom.  ill. 
(1844),  pp.  17—285,  the  first  of  which,  by  Otto  Struve,  is  a 
discussion  on  the  constant  of  Precession,  the  second,  by  Professor 
C.  A.  F.  Peters,  treats  of  the  numerical  constant  of  Nutation, 
and  the  third,  by  W.  Struve,  is  on  the  constant  coefficient  of 
the  Aberration  of  fixed  stars.  It  will  be  proper  to  give  here 
some  account  of  the  processes  and  results  of  each  of  these 
important  contributions  to  Practical  Astronomy. 

(1)  The  value  50",21129  of  general  precession  was  obtained, 
as  stated  in  Art.  142,  by  comparing  Bradley's  R.  A.  of  1755,0 
with  Piazzi's  of  1800,0,  the  interval  being  45  years.  O.  Struve 
compared  Bradley's  R.  A.  of  the  same  date  with  R.  A.  observed 
at  Dorpat  reduced  to  the  epoch  1825,0,  and  thereby  found  that 
in  the  interval  of  70  years  the  movement  of  the  Equinox  was 
greater  by  0",97  than  that  given  by  Bessel's  constant.  Ac- 
cordingly this  constant  requires  to  be  increased  by  one-seventieth 
part  of  the  difference,  or  0",01386.  To  calculate  the  value  of 
Bessel's  constant  at  the  epoch  1790,0,  which  is  the  mean 
between  1755,0  and  1825,0,  we  have 

^  =  50",21129  +  0",0001221483  x  80  =  50",22106. 
The  addition  of  0",01386  to  this  result  gives  50",23492  for  the 
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corrected  value  of  annual  precession  at  the  epoch  1790,0.  It 
should  be  farther  stated  that  the  correction  +  0",97  was  obtained 
by  0.  Struve  after  eliminating,  with  all  the  accuracy  attainable, 
from  the  R  A.  given  by  observation,  errors  due  to  the  motion  of 
the  Solar  System  in  space. 

(2)  Dr  Peters  in  his  investigations  relative  to  Nutation, 
adopting  formulae  derived  from   the  theoretical  researches   of 
Laplace  and  Poisson,  calculated  the  numerical  values  of  the 
coefficients  from  603  observations  of  transits  of  Polaris  taken 
above  and  below  Pole  at  the  Dorpat  Observatory  from  1822 
Nov.  4  to  1838  Oct.  15,  of  which  number  249  were  observed  by 
W.  Struve,  and  the  remaining  354  by  his  assistant  W.  Preuss. 
After  applying  corrections  for  difference  of  the  personal  equa- 
tions of  the  observers,  and   taking   into   account   O.  Struve's 
determination  of  the  annual  general  precession,  Peters  found 
for  the  coefficient  of  the  principal  term  of  the  obliquity  of  the 
Ecliptic  a  value  which,  combined  with  two  other  values  deduced 
by  independent  computations  of  MM.  Busch  and  Lundahl,  gave 
as  the  mean  result  9",22305  for  the  epoch  1800,0. 

(3)  For  determining  the  constant  of  aberration  W.  Struve 
observed  transits  of  seven  stars  with  a  transit-instrument  set  up 
in  the  Prime  Vertical  at  the  Imperial  Observatory  of  Poulkova, 
the  zenith  distances  of  the  stars  at  meridian  passage  in  no 
instance  exceeding  1°  30'.     Having  carefully  got  rid  of  instru- 
mental errors,  and   taken   into   account  Peters'  value   of  the 
constant  of  nutation,  he  estimated  at  0",0111  the  total  amount 
of  probable  error  due  to  observation,  to  annual  parallax  and 
proper    motion    of    the    stars,    and   to   nutation,   and   finally 
obtained  for  the  constant  of  aberration  20",4451. 

144.  To  complete  this  account  of  the  fundamental  quan- 
tities pertaining  to  observational  astronomy,  the  following 
particulars  are  added  relative  to  determinations  of  the  Obliquity 
of  the  Ecliptic,  and  the  amount  of  its  annual  variation.  Bessel 
did  not  accept  the  values  of  the  obliquity  and  of  its  annual 
diminution  (0",48368)  given  by  the  theoretical  expression  for  a>t 
in  Art.  142,  but  availing  himself  of  obliquities  deduced  from 
observations  made  by  different  astronomers  in  the  interval  from 
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1755  to  1815  (see  Fundamenta  Astronomic^  p.  61),  he  obtained 
for  the  epoch  1800  +  t  the  formula, 

Obliquity  =  23°  27'  54",80  -  0",4570£. 

Peters,  adopting  the  apparent  obliquities  deduced  by  Bessel 
.from  Bradley's  observations,  as  given  in  page  58  of  the  Fund. 
Astron.,  calculated  therefrom  by  his  own  formulae  a  mean 
obliquity  23°  18'  14",06  for  1757,3,  by  comparison  of  which  with 
a  value  deduced  by  W.  Struve  from  observations  at  Dorpat 
(Vol.  VI.  of  Dorpat  observations,  p.  LXIX.),  namely,  23°  27'  42",61 
for  1825,0  he  found  for  1750,0  the  value  23°28'17",44,  and  for 
1800,0,  23°  27'  54",22,  giving  a  mean  annual  diminution  of 
0",4645  (see  pp.  189  and  190  of  the  Memoirs  cited  in  Art.  143). 
Leverrier,  according  to  results  exhibited  in  page  203  of  Tom.  IV. 
of  the  Annals  of  the  Paris  Observatory,  gives  for  the  epoch 
1850  + 1,  Obliquity  =  23°  27'  31",83  -  0",47594Z. 

The  details  of  observational  means  by  which  the  constants 
treated  of  in  the  foregoing  Articles  may  be  determined  or 
corrected,  will  come  under  consideration  in  the  sequel  of  the 
Lectures. 

145.  I  propose  in  the  next  place  to  give  an  account  of  the 
derivation  of  formulae  proper  for  calculating  the  Annual  Varia- 
tions of  the  mean  R.  A.  and  Decl.  of  any  star  at  any  epoch,  these 
formulae  being  auxiliary  to  those  required  for  calculating  the 
differences  in  R.  A.  and  Decl.  between  the  apparent  and  mean 
places  of  a  star  at  the  same  epoch.  Bessel  deduced  his  formulae 
in  p.  x.  of  the  Tab.  Eegiomont.  for  the  annual  variations  in  R.  A. 
and  Decl.  from  the  expressions  for  ty,  fa,  <*>,  GDI  already  adduced 
in  Art.  142.  By  a  like  process  Peters  obtained  formulas 
differing  from  Bessel's  only  as  to  the  numerical  values  of  the 
coefficients,  the  new  values  having  been  deduced  from  0.  Struve's 
corrected  general  precession,  and,  as  respects  terms  containing 
22,  by  taking  advantage  of  M.  Leverrier's  fuller  development  of 
the  gravitational  theory,  and  introducing,  corrected  values  of 
the  masses  of  the  planets.  Putting,  in  accordance  with  Bessel's 
notation,  ty  for  lunisolar  precession  from  1800  to  1800 +  £ 
referred  to  the  Ecliptic  and  Equinox  of  1800,  &>  for  the  angle  at 
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the  epoch  1800  + 1  between  the  earth's  Equator  and  the 
Ecliptic  of  1800,  and  X  for  the  angle  subtended  at  the  Pole  of 
the  Equator  by  the  arc  joining  the  Poles  of  the  Ecliptics  of 
1800  and  1800  + 1,  we  have  the  following  results  of  Peters's 
researches  : 

^|r  =  50",3798*  -  0",0001084*2, 

a)  =  23°  27'  54"  +  0,00000735f , 

A,  =  0,15119*  -  0,00024186^ 

m  =  ^  cos  co  -  ^  =  46",0623  +  0,0002849*2, 
at  at 

n  =  -^  sin  co          =  20",0607  -  0,0000863* ; 
at 

and  the  mean  R.  A.  and  Decl.  of  the  star  being  a  and  8, 

Annual  Precession  in  K.  A.  =  ra  +  n  tan  S  sin  a, 
Annual  Precession  in  Decl.  =  n  cos  a. 

Also  putting  ^  for  the  general  precession  from  1800  to  1800  + 1, 
and  col  for  the  mean  obliquity  of  the  Ecliptic  at  1800  + 1,  the 
same  researches  gave 

^  =  50",241l£  +  0,0001134^ 

a),  =  23°  27'  54"  -  0",4738*  -  0/',0000014*2 ; 

and  consequently  the  annual  diminution  of  the  obliquity  is  by 
this  process  0",4738.  (See  Memoirs,  &c.,  before  cited,  pp. 
193—195.) 

146.  After  the  foregoing  discussion  of  the  values  of  the 
principal  constants  involved  in  the  Formulas  of  Reduction  which 
are  required  for  the  calculation  of  Apparent  places  of  Stars  from 
their  Mean  places,  it  remains  to  adduce  these  formulae  (given 
originally  by  Bessel  in  pages  XXIX  and  XXX  of  the  Tab. 
Regiomont.},  with  corrected  coefficients,  and  to  indicate  suitable 
modes  of  applying  them.  The  subjoined  equations,  which  are 
adapted  to  these  purposes,  were  taken  from  the  Nautical 
Almanac  of  1879,  and  it  may  be  assumed  that  their  numerical 
coefficients  will  be  sufficiently  accurate  for  at  least  ten  years 
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from  the  present  date  (1877).  For  the  sake  of  convenience  in 
making  use  of  the  formulae,  the  sets  of  equations  for  calculating 
Apparent  Declination  are  exhibited  together  with  those  for 
calculating  Apparent  Right  Ascensions,  although  the  former 
have  more  immediate  reference  to  observations  with  the  Mural 
Circle.  The  values  of  the  coefficients  are  all  adopted  from 
formulae  given  by  Professor  Peters  in  pages  71 — 76  of  his  Nume- 
rus  Constans  Nutationis  (=  pages  195 — 200  of  the  Memoir  before 
cited),  in  which  his  own  constant  of  Nutation,  and  the  constants 
of  Precession  and  Aberration,  determined,  as  already  stated,  by 
0.  and  W.  Struve,  are  introduced. 

The  Nutation  of  Obliquity  being  represented  by  Aw,  and 
that  of  Longitude  by  AjL,  the  formulae  for  computing  these 
quantities,  given  in  page  v  of  the  Nautical  Almanac  of  1879, 
are 

A®  =     9//,2237  cos  Q>  -  0", 0895  cos  2  &  +  0",5507  cos  20, 
AZ  =  - 17,2526  sin  £,  +  0,2073  sin  2Q  -  1,2693  sin  20, 

where  Q>  is  the  mean  Longitude  of  the  Moon's  ascending  Node, 
and  0  the  true  Longitude  of  the  Sun, 

The  Apparent  Right  Ascension  of  a  star  "being  a  in  arc, 
and  its  Apparent  Declination  B',  at  the  time  t  reckoned  each 
year  in  fractional  parts  of  a  tropical  year  from  the  instant  at 
which  the  Sun's  mean  Longitude  is  280°  (which  for  1879  is 
Jan.  0  +  d,227),  the  star's  mean  Right  Ascension  in  arc,  and 
its  Mean  Declination,  being  respectively  a  and  8,  for  the  begin- 
ning of  the  year,  and  Ac,  Ac'  its  annual  proper  motions  in  R.  A. 
and  Decl.,  the  equations  for  calculating  a  —a.  and  &'  —  8  were 
reduced  by  Bessel  to  the  following  convenient  forms  : — 

a'  -  a  =  Aa  +  Bb  +  Cc  +  Dd  +  tfAc, 
&'-B  =  Aa'  +  Bb'  +  Cc'  +  Dd'  +  *Ac', 

in  which  the  factors  A,  B,  C,  D  are  the  same  at  the  same  time 
for  all  stars,  a,  6,  c,  d  and  a',  &',  c',  dr  are  quantities  depending 
on  the  place  of  each  star.  The  following  equations,  derived 
from  the  foregoing  expressions  for  Aw  and  AZ,  combined  with 
the  formulas  for  the  mean  precessions  in  Right  Ascension  and 
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Declination  (Art.  145),  and  the  known  law  and  amount  of 
aberration,  are  employed  for  calculating  the  twelve  quantities 
A,  By  &c.  above  specified.  (See  Nautical  Almanac  for  1879, 
pp.  295  and  512)  :— 

A  =  -  20",4451  cos  a  cos  Q,  B  =  -  20"4551  sin  ©, 

C=t-  0,02519  sin  20  -  0,34243  sin  Q  +  0,00410  sin  &, 
D  =  _  0",5507  cos  20  -  9",2237  cos  Q  +  0",0895  cos  2&, 
a  =  cos  a  sec  S,  a  =  tan  o> .  cos  8  —  sin  a  sin  8, 

6  =  sin  a  sec  8,  b'  —  cos  a  sin  S, 

c  =  46",0848  +  20",0539  sin  a  tan  S,  c  =  20",0539  cos  a, 
d  =  cos  a  tan  S,  d'  =  —  sin  a, 

where  0  is  the  Sun's  true  Longitude,  Q>  the  mean  Longitude  of 
the  Moon's  node,  and  a>  the  obliquity  of  the  Ecliptic,  each  for 
the  time  t.  The  values  of  log  A,  log  B,  log  C,  log  D  are  given 
in  the  Nautical  Almanac  for  every  day  of  the  year. 

147.     The  Astronomer  Royal  has   obtained  the  following 
formulae  for  calculating  the  excess  of  Apparent  above  Mean 

R  A.  in  time  j  =  TK  (a/ "~  °0  f  >  an(*  ^e  excess  of  Apparent 
above  Mean  North  polar  distance  {=  —  (8'  —  8)} ; 

J_(a'_a)+  300,00  =Ee  +  Ff+Qg  +  HJi  +  L+l 

-  (8'  -  8)  +  300,00  =  Ee'  +  Ff  +  Gg'  +  Hh'  +  L+l'. 

The  particular  advantage  of  these  forms  is,  that  all  the  terms 
on  the  right-hand  sides  of  the  equations  have  positive  numerical 
values  (excepting  when  the  first  equation  is  applied  in  the  case 
of  a  star  less  than  3° .  10'  from  the  Pole),  the  relations  between 
the  new  quantities  E,  e,  F,f,  &c.  and  the  quantities  A,  a,  B,  &, 
&c.  of  Bessel's  formulas,  being  given  by  the  following  simple 
equations : — 

E=A  +  2o,      F=B  +  25,      0  =  0+ 1,2,      H 
L  =  210  -  1,2  E  -  1,2  F-  25  G  -  1,2  H, 
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I  =  210  -  25  e  -  25/-  1,2 #  -  25  &, 

«'  =  a' +  1,2,       /  =  &'  +  l,2,       #'  =  c'+25,        fc'  =  eT+l,2, 
Z'  =  210  -  25  e'  -  25/  -  1,2  /  -  25  A'. 

To  facilitate  this  method  of  calculation,  the  values  of  log  2?, 
log  F,  log  G,  log  H  and  .L,  which  are  independent  of  the 
particular  star,  are  given  in  the  Nautical  Almanac  for  every 
day  of  the  year.  (See  pp.  (x)  and  (xi)  of  the  Appendix  to  the 
Greenwich  Observations  of  1847,  containing  the  Twelve-year 
Catalogue  of  1836 — 1847.)  Applications  of  both  methods  to  a 
particular  instance  are  exhibited  in  pages  512  and  513  of  the 
Nautical  Almanac  of  1879. 

148.  The  means  of  calculating  the  clock-time  of  transit  of 
any  celestial  object  across  the  meridian  having  been  indicated 
in  Division  III.,  it  is  now  required  to  shew  how  the  true 
sidereal  time  of  transit  is  inferred  from  the  clock-time  by 
correcting  for  the  clock-error.  For  this  purpose,  it  is  first 
necessary  to  form  a  catalogue  of  stars  arranged  according  to 
their  mean  R.  A.  at  a  given  epoch,  and  to  determine  their  R.  A. 
by  a  large  number  of  observations,  in  order  that  they  may  be 
used  as  fiducial  points  of  reference,  or  fundamental  stars.  These 
stars  should  be  bright  enough  to  be  seen  in  day-time,  at 
moderate  distances  from  the  Equator,  and  their  distribution  in 
Bight  Ascension  should  be  pretty  uniform.  In  the  course  of 
the  foregoing  discussions  (Arts.  136 — 147),  it  was  shewn  how 
a  provisional  catalogue  of  R.  A.  might  be  formed  db  initio,  and 
how,  after  the  effects  of  precession,  nutation,  and  aberration  on 
the  apparent  places  of  stars  had  been  ascertained,  the  transit- 
observations  of  a  given  star  extending  over  a  large  number  of 
years  might  be  all  made  to  contribute  to  an  accurate  determi- 
nation of  its  mean  R.  A.  at  a  given  epoch.  By  such  means  the 
R.  A.  in  the  catalogues  of  mean  places  of  stars  produced  in 
successive  Nautical  Almanacs  have  been  derived  from  numerous 
transit  observations  taken  at  the  Greenwich  Observatory  during 
the  superintendence  of  Maskelyne,  Pond,  and  the  present 
Astronomer  Royal.  In  the  more  recent  catalogues  ascertained 
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changes  of  places  of  the  stars  due  to  proper  motion1  have  been 
taken  into  account.  For  these  reasons  if  the  stars  selected  for 
use  as  fundamental  stars  be  contained  in  one  of  the  lists  of  the 
Nautical  Almanac,  their  Mean  and  Apparent  R.  A.,  as  there 
calculated,  might  be  adopted  without  alteration.  The  process, 
however,  I  am  about  to  describe,  which  has  been  employed  at 
the  Cambridge  Observatory,  although  it  takes  advantage  of 
the  Mean  and  Apparent  R.  A.  of  the  fundamental  stars  as 
calculated  in  the  Nautical  Almanac,  really  makes  use  of  values 
that  are  independently  determined  by  observations  made  at  the 
Observatory. 

149.  The  first  list  of  mean  K  A.  of  fundamental  stars  used 
at  the  Cambridge  Observatory  was  adopted  by  Professor  Airy, 
without  alteration,  from  the  Naut.  Aim.  of  1829,  and  the  num- 
ber of  Stars  was  34  inclusive  of  Polaris  and  8  Ursae  Minoris. 
For  the  next  year  the  adopted  fundamental  R.  A.  were  derived 
from  the  R.  A.  resulting  from  the  observations  of  1829  by  add- 
ing the  Annual  Variations  in  R.  A.;  and  so  on  through  successive 
years  to  1835  inclusive,  at  which  date  the  number  of  the  stars 
was  31.  On  taking  the  superintendence  of  the  Observatory  in 
1836,  I  followed  the  same  rule,  deriving  the  fundamental  R.  A. 
for  that  year  from  the  results  of  the  transits  of  1835  by  adding 
the  annual  variations,  and,  with  the  exception  of  omitting 
Sirius,  I  adopted  the  same  list  of  stars.  The  R.  A.  for  1837  were 
obtained  in  the  same  manner ;  but  a  new  point  of  departure 
was  established  by  the  list  of  fundamental  R.  A.  for  1838, 
which  were  calculated  on  the  following  principles.  The  differ- 
ence between  the  mean  R.  A.  of  every  two  of  the  stars  taken 
consecutively,  was  assumed  to  be  the  same  as  a  mean  difference 
derived  from  all  the  transit  observations  of  the  two  stars  in  the 
eight  years  1830 — 1837,  by  giving  to  the  difference  as  deter- 
mined by  the  observations  of  any  one  year  a  weight  proportional 
to  the  product  of  the  numbers  of  the  observations  of  the  two 
stars  in  that  year.  The  epochs  of  the  concluded  mean  differ- 

1  The  proper  motions  now  adopted  in  the  Nautical  Almanac  are  those  de- 
termined by  Main  and  Stone,  contained  in  Vols.  xrx.,  xxvui.  and  xxxiu.  of  the 
Memoirs  of  the  Royal  Astronomical  Society. 


142  PKACTICAL  ASTRONOMY. 

ences  of  R.  A.  thus  obtained  would  be  different  for  different 
stars,  and  would  generally  be  nearer  to  1834,0  than  to  1838,0. 
As,  however,  the  variations  of  the  differences  between  the  two 
epochs  would  in  all  cases  be  extremely  small,  it  was  thought 
sufficiently  exact  to  refer  all  the  concluded  mean  differences  to 
the  common  epoch  1838,0,  after  applying  corrections  for  relative 
proper  motions  in  the  instances  in  which  the  absolute  proper 
motions  obtained  from  the  most  reliable  sources  indicated  that 
the  difference  of  R.  A.  might  thereby  be  sensibly  affected.  This 

being  understood,  let  av  a2,  a3, an  be  the  adopted  mean 

R.  A.  1838,0  in  order  of  magnitude,  and  Ap  A2,  A3...An_1the 
successive  differences  determined  as  above  said.  Then 

a2  =  at  +  \,    a3  =  az  +  A2  =  at  +  Ax  +  A2,    and  so  on. 

Consequently  at  +  «2  + +  an  =  nat  +  Q, 

Q  being  a  given  function  of  A,,  A2,...An_r  If  now  we  introduce 
the  condition  that  the  sum  of  the  excesses  of  the  adopted  R.  A. 
above  the  corresponding  R.  A.  of  the  Naut.  Aim.  shall  be  zero, 
the  left-hand  side  of  the  above  equation  will  be  equal  to  the 
sum  of  the  Naut.  Aim.  R.  A.  Hence  putting  8  for  this  sum, 
we  have  S  =  na^  +  Q,  from  which  equation  at  may  be  calculated, 
and  then  in  succession  a2,  as...an.  It  resulted  from  this  calcula- 
tion that  the  mean  of  the  adopted  R.  A.  was  less  by  0*,083  than 
the  mean  of  those  which  would  have  been  obtained  from  the 
observations  of  1837  by  the  former  process.  Consequently  a 
change  in  the  origin  of  the  R.  A.  was  made  at  the  beginning  of 
1838.  As  the  true  position  of  the  Ecliptic  relatively  to  the 
assumed  origin  is  determined  from  year  to  year  by  the 
Circle  observations  of  the  Sun,  this  change  is  of  no  importance. 
The  adopted  R.  A.  of  Polaris  and  S  Ursae  Minoris  were  those 
given  by  the  observations  of  1837  diminished  by  08,08. 

150.  Subsequently  to  1838  the  assumed  Mean  R.  A.  of  the 
fundamental  Stars  for  any  year  were  derived  in  general  from 
the  R.  A.  resulting  from  the  observations  of.  the  preceding  year 
by  merely  adding  the  annual  variations  of  the  Naut.  Aim. 
When,  however,  the  number  of  the  observations  was  small,  the 
assumed  R.  A.  were  deduced  from  the  results  of  the  observations 
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of  two  preceding  years  by  applying  the  annual  variations,  the 
weight  given  to  each  year's  result  being  proportional  to  the 
number  of  the  observations  by  which  it  was  obtained.  Even- 
tually the  assumed  R.  A.,  beginning  with  those  of  1844,  were 
calculated  by  the  following  rule.  If  A  be  the  Star's  assumed 
R.  A.  for  any  year,  and  A'  the  R.  A.  resulting  from  a  number 
(ri)  of  observations  in  that  year  less  than  20,  the  assumed  R.  A. 

for  the  next  year  is  A  +  (A  —  A)  ^  plus  the  annual  variation. 

£0 

Having  found  it  desirable  to  employ  a  larger  number  of  clock- 
stars, I  added  nine  in  the  fundamental  Catalogue  of  1844, 
the  assumed  R.  A.  of  which  were  adopted  from  the  Naut.  Aim. 
with  the  correction  +  08,02  applied,  excepting  that  for  two  stars 
observed  in  1843  the  corrections  were  +  08,03  and  08,00.  As 
the  mean  excess  of  the  R.  A.  of  the  fundamental  stars  above 
the  R.  A.  of  the  Naut.  Aim.,  resulting  from  the  observations  of 
1843,  was  +  0*,020,  it  will  be  seen  that  the  place  of  the  Equinox 
would  not  be  sensibly  altered  by  employing  the  adopted  R.  A. 
of  the  additional  stars. 

151.  We  are  now  prepared  to  consider  how  the  clock's  daily 
rate  and  the  clock-error  at  any  given  time  may  be  calculated. 
It  has  been  stated  (Arts.  149  and  150)  that  after  assuming 
(provisionally)  approximate  Mean  R.  A.  of  the  clock-stars  for 
the  beginning  of  a  certain  year,  the  adopted  Mean  R.  A.  for  the 
beginnings  of  successive  years  are  inferred  from  the  results  of 
the  yearly  observations  by  the  applications  of  Annual  Variations 
of  Mean  R.  A.  Formula  for  calculating  the  Annual  Variations 
for  any  epoch  are  given  in  Art.  145.  The  Apparent  R.  A.  of 
any  clock-star  for  any  year,  at  the  time  of  its  meridian  transit 
on  any  day  of  the  year,  is  derived  from  its  adopted  Mean  R.  A. 
at  the  beginning  of  the  year  by  applying  a  quantity  termed  the 
Correction,  the  formulas  for  calculating  which  are  those  con- 
tained in  Art.  146.  As  already  mentioned  (Art.  146)  both  sets 
of  formulae  are  the  same  as  those  used  for  the  computations  of 
the  Naut.  Aim.  Consequently,  after  applying  to  the  Apparent 
R.  A.  of  the  Naut.  Aim.  the  excesses  of  the  adopted  Mean  R.  A. 
for  the  beginning  of  the  year  above  the  corresponding  Mean 
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R.  A.  of  that  work,  we  may  regard  the  results  as  Apparent  R.  A. 
independently  determined  by  observations  at  the  Observatory. 
A  clock  regulated  to  sidereal  time  ought  to  indicate  these 
Apparent  R.  A.  when  the  stars  to  which  they  pertain  are  on  the 
meridian.  The  difference  between  the  clock-time  of  the  transit 
of  a  fundamental  star  and  its  calculated  Apparent  R.  A.  is 
presumed  to  be  the  error  of  the  clock.  It  is  a  great  part  of  the 
work  of  a  well-appointed  Observatory  to  determine  such  clock- 
errors  by  observations  carried  on  night  and  day.  If  a  clock-star 
has  proper  motion,  it  will  plainly  give  an  erroneous  clock-error 
if  this  motion  is  not  taken  into  account  in  calculating  the 
Apparent  R.  A.  For  this  reason  the  Annual  Variations  of  the 
Naut.  Aim.,  which  include  ascertainable  proper  motions,  should 
be  adopted. 

152.  For  calculating  the  correction  for  clock-error  to  be 
applied  to  the  clock-time  of  meridian  transit,  the  observations 
are  divided  into  groups  severally  containing  observations  of 
stars  proper  for  giving  clock-errors.  These  groups  are  frequently 
separated  by  intervals  during  which  no  observations  were  taken, 
but,  as  often  as  may  be,  they  consist  of  the  night  and  day 
observations  made  in  consecutive  intervals  of  24  hours.  The 
mean  of  the  clock- errors  in  each  group  is  considered  to  pertain 
to  the  mean  of  the  times  of  transit  of  the  stars  which  furnish 
them.  From  a  comparison  of  this  mean  error  with  errors 
similarly  derived  from  the  next  preceding  and  following  groups, 
a  preceding  and  a  following  rate  are  calculated,  each  expressed 
as  proportionate  loss  of  the  clock  in  24  hours,  and  applying  to 
the  mean  between  the  epochs  of  the  errors  from  which  it  is 
calculated.  From  the  two  rates  a  rate  is  inferred  which  is 
assumed  to  be  uniform  throughout  the  middle  group.  No 
definite  rule  can  be  given  for  deducing  the  adopted  rate ;  atten- 
tion should  be  paid  to  the  probable  accuracy  of  the  rates  on 
which  it  depends,  and  also  to  the  proportion  of  the  intervals 
separating  the  preceding  and  following  mean  clock-errors  from 
the  intermediate  one.  The  rule  which  I  have  most  frequently 
adopted  was  obtained  in  the  following  manner.  Let  e,  Et  e  be 
the  three  mean  clock-errors,  t  —  r,  t,  t  +  r'  the  corresponding  mean 
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24 

clock- times,  and  r,  r  the  computed  rates.     Then  r  =  —  (E  —  e) 

=  the  rate  at  t  - |,  and  /  =  ->-  (e'  —  ^)=tbe  rate  at  £  4- ^. 
Hence,  supposing  J2  to  be  the  rate  at  the  time  t,  and  the  rate 

T  T" 

to   change   uniformly   in  the  interval  from  t  —  ^  to  £  +  ^ ,  we 

shall  have 

R  —  r         r  ,       „      rr'  +  r'r 

— ; = , ,  and  /.  M  = T  . 

r —r     r  +  T  T  +  T 

The  error  j&  and  rate  jK  at  the  clock -time  t  being  thus  known, 
the  clock-error  at  the  next  preceding  Oh  of  sidereal  time  may 
be  thereby  calculated.  Then  the  correction  of  clock-error  for 
the  observation  of  any  object  whose  approximate  R.  A.  is  A, 
is  the  clock-error  at  Oh,  together  with  the  proportional  part  of 
the  rate  for  the  interval  A,  which  is  additive  supposing  the 
clock,  as  is  usually  the  case,  to  have  a  losing  rate. 

153.  It  should  be  noticed  that  if  the  observations  from 
wrhich  any  mean  clock-error  is  calculated  were  made  by  two 
observers,  the   calculation  takes  account  of  the  difference   of 
their  personal  equations,  and  thus   virtually  gives   the   error 
as  determined  by  the  observations  of  one   of  the   observers. 
Also,   if  in   calculating   the   clock-rates   r   and   /,   the   mean 
clock-errors  e,  E,  e   are  derived  from  groups  of  observations 
made   by  different  observers,  they  are  reduced   to    errors   as 
obtained  by  one  observer  by  applying  corrections  for  differences 
of  personal  equations  (see  Art.  134). 

154.  From   the  Apparent  R.A.  of  a  star  thus  found,  its 
mean  R.  A.  for  the  beginning  of  the  year  may  be  obtained  by 
applying  with  opposite  sign   the  correction  calculated  'by  the 
formula?  given  in  Arts.  146  and  147.    If  the  star  be  in  the  list 
of  the  Naut.  Aim.,  the  correction  with  the  proper  sign  may  be 
obtained  by  subtracting  its  mean  R.  A.  given  in  the  Table  of 
"Mean  Places  of  Stars,"  from  its  Apparent  R.A.  obtained  by 
interpolation  from  the  Table  of  "Apparent  Places  of  Stars." 
The  Apparent  R.  A.  of  stars  are  reduced  to  Mean  R.  A.  for  the 
purpose  of  forming  a  Catalogue  of  their  Mean  R.  A.,  the  results 
of  all  the  observations  of  the  same  star  in  any  year  being  thus 

c.  10 


146  PRACTICAL  ASTRONOMY. 

made  available  for  deducing  a  mean  result.  Also  by  applying 
the  annual  variations  the  results  obtained  for  the  same  star  in 
several  years  may  be  brought  to  the  same  epoch,  and  thus  the 
concluded  R.  A.  of  the  Catalogue  be  made  to  depend  on  a  large 
number  of  observations.  The  same  process  of  reduction  to  Mean 
R.  A.  is  applied  to  clock-stars  for  the  purpose  of  farther  correc- 
tion of  the  assumed  R.  A.;  but,  in  Cambridge  practice,  this  is 
not  done  unless  three  of  them  at  least  are  in  the  group.  It  is 
from  the  mean  of  all  the  Mean  R.  A.  of  a  clock-star  obtained  by 
this  process  in  the  course  of  a  year,  that  the  adopted  Mean 
R.  A.  for  the  next  year  is  deduced  by  applying  the  annual 
variation  (see  Arts.  149  and  150).  The  Apparent  R.  A.  of 
Polaris  and  8  Ursse  Minoris  are  not  independent  determinations 
except  they  are  inferred  from  two  or  more  alternate  transits  of 
the  star  above  and  below  Pole,  and  if  this  be  not  the  case  the 
Mean  R.  A.  are  not  calculated 1. 

1  Chapter  xix.  of  Grant's  History  of  Physical  Astronomy  contains  an  historical 
account  of  Catalogues  of  the  Fixed  Stars,  beginning  with  the  earliest,  and  ex- 
tending to  those  of  recent  date.  I  thought  it  might  be  useful  to  give  the  following 
particulars  extracted  from  this  account.  The  several  catalogues  of  Ptolemy 
(A.D.  138),  Ulugh  Beigh  (1437),  Tycho  Brahe  (1600),  Hevelius  (1660),  and 
Halley's  Catalogue  of  Southern  stars  (1677),  after  being  subjected  to  a  careful 
revisal  by  Francis  Baily,  were  reprinted,  and  now  form  Vol.  xm.  of  the  Memoirs 
of  the  Royal  Astronomical  Society.  Flamsteed's  British  Catalogue  was  published 
in  1725,  in  Vol.  in.  of  the  Histnria  Ccelestis,  and  republished,  with  additions,  by 
Baily  at  the- end  of  his  "Account  of  the  Life  and  Correspondence  of  Flamsteed." 
Bradley's  observations  were  published  at  Oxford  in  1798,  and  from  those  made 
between  1750  and  1762  Bessel  formed  his  Fundamenta  Astronomia,  containing 
3112  stars  reduced  to  the  epoch  1750,0.  Then  follow  in  order  of  time,  Lacaille's 
three  catalogues,  the  principal  of  which,  consisting  of  southern  stars,  was  reduced 
by  Henderson  to  1750,0,  Mayer's  Catalogue  of  998  zodiacal  stars,  published  in 
1800,  Maskelyne's  fundamental  catalogue  of  36  stars,  Wollaston's  "Fasciculus" 
of  circumpolar  stars  (1800),  the  Histoire  Celeste  Frangaise,  published,  unreduced, 
in  1801,  and  in  a  reduced  form  by  the  British  Association  in  1837,  Piazzi's  cata- 
logue of  7646  stars  for  the  epoch  1800,0,  Bessel's  zone  observations,  reduced  by 
Weisse  to  1825,0,  and  like  observations  of  Santini,  reduced  to  1840,0,  and  pub- 
lished in  vol.  xn.  of  Mem.  of  the  Astron.  Soc.  Of  subsequent  catalogues,  the 
principal  are,  Taylor's  Madras  Catalogue  of  11,015  stars  formed  from  observations 
in  1822-43,  Pond's  catalogue  of  1112  stars  reduced  to  1830,0,  the  British  Asso- 
ciation catalogue  of  8377  stars  reduced  to  1850,0  and  the  Greenwich  twelve-year 
catalogue  (1840,0  and  1845,0)  and  seven-year  catalogues  (I.  1860,0,  II.  1864,0) 
formed  by  the  present  Astronomer  Royal.  Interesting  details  respecting  the 
above,  and  various  other  catalogues  too  numerous  to  mention  here,  are  given  in 
Grant's  History,  as  above  cited. 
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155.  The  Apparent  R.  A.  of  bodies  of  the  solar  system^  as 
usually  calculated  in  the  Tables,  are  immediately  comparable 
with   the  R.  A.    determined   observationally  by   the  processes 
above  indicated,  excepting  that  the  Tables  and  the  observations 
may  not  reckon  the  R.  A.  from  exactly  the  same  position  of  the 
equinox.     The  consideration  of  this  point  must  be  reserved  till 
observations  with  the  Mural  Circle  have  been  under  treatment, 
the  Transit  Instrument  being  incapable  of  itself  of  determining 
absolute  Right  Ascensions. 

156.  An  example  of  the  complete  Reduction  of  the  transit- 
observation  of  a  star,  extracted  from  one  of  the  Calculation- 
books  of  the  Cambridge  Observatory,  is  here  subjoined : — 

Transit  of  a  Aquila?,  1851  January  27,  23h  mean  time. 
Illumination-end  of  axis  East. 

N.  P.  D.  of  star  =  81° .  31'.  The  line  of  collimation  pointed 
0",7  westward,  and  the  west  end  of  the  axis  was  4",1  high  and 
0",9  southward.  Wires  A  and  B  lost. 

Wirel     •'  Interval  of  wire  I j  _JJ 

II    ,  from  mean 

HI  57,1  „    Wire  II    „        -26,892 

17  10»8  Sum  =-67, 236 

V    24,7 


VI  38,0  5*810.31'     ,=430.44' 

VII  19.43.51,7  ^fccosec  5=0,067 

^s  cos  z  cosec  d= 0,049 
mean  of  the  times 19.43.24,46  TV sin 2 cosec 5 =0,047 

Corrn  for  lost  wires -13,59  = g — x  1,101 

10,87 

Corrn  for  form  of  pivots +0,33 

„        coUimation  error  -0,05  =  -  0",7  x  0,067 

„        level  error +0,20  =  +4",  1  x 0,049 

„       azimuth  error +0,04  =  +  0",9  x  0,047 

Clock-time  of  transit 19.43.11,39 

Clock  slow  at  O11 16,65 

Corrn  for  losing  rate  I8, 17. . .  +  0,96 

Apparent  B.  A 19 .  43 .  29,00 

Corrn  to  Mean  E.  A +1,84 

Mean  E.  A.  1851,0 19.43.30,84 

10—2 
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Plate  I.  is  a  representation  in  outline  of  the  Cambridge 
Transit  Instrument,  copied  from  that  attached  to  Woodhouse's 
Description  in  the  Philosophical  Transactions  for  1825,  referred 
to  in  page  5.  A  is  the  position  of  the  apparatus  for  adjusting 
the  axis  of  motion,  a  full  description  of  which,  illustrated  by  the 
Figures  9  and  10,  is  given  in  pages  37 — 39.  B  is  the  eye-end 
of  the  telescope,  of  which  the  Figure  6  in  pages  27  and  31  is  an 
enlarged  representation,  accompanied  by  a  description  in  detail 
of  the  different  parts.  At  C  apparatus  was  provided  for  regu- 
lating the  amount  of  surface  of  the  object-glass  exposed  for 
observations  of  the  Sun,  but  in  practice  it  was  not  found  to  be 
required,  the  use  of  dark  glasses  of  different  degrees  of  opacity 
at  the  eye-end  being  sufficient  for  all  purposes  (see  Art.  109). 

THE  MURAL  CIRCLE. 

157.  A  Mural  Circle  is  constructed  for  the  primary  pur- 
pose of  measuring  the  angular  elevation  of  a  celestial  object 
above  a  horizontal  plane  at  the  instant  of  its  passing  the 
meridian  of  the  place  of  observation.  Transit-observations 
are  required  for  obtaining  one  of  the  spherical  co-ordinates 
by  which  the  position  of  an  object  in  the  heavens  is  deter- 
mined, and  observations  with  a  graduated  Quadrant  or  Circle 
are  proper  for  obtaining  the  other.  The  way  in  which  this 
ultimate  object  is  reached  by  the  use  of  a  Mural  Circle 
expressly  constructed  for  the  purpose  just  mentioned,  and  the 
processes  employed  for  ensuring  accuracy  in  the  determination 
of  the  co-ordinate,  will  form  the  principal  subject  matter  of  the 
portion  of  the  Lectures  now  entered  upon.  As  in  the  case  of 
the  Transit  instrument,  the  Circle  will  be  treated  of  under 
four  Divisions  (see  Art.  25).1 

1  The  Mural  Circle  is  the  simpler  of  the  two  instruments,  inasmuch  as  it  is 
only  concerned  with  measurement  of  space,  whereas  the  other  measures  space 
by  the  intervention  of  time.  I  have  followed  usage,  in  treating  of  the  Transit 
instrument  first,  and  apart  from  the  Circle;  but  as  respects  astronomical 
purposes  neither  instrument  is  complete  by  itself,  on  which  account  in  the 
treatment  of  the  Transit  instrument,  there  was  occasion  several  times  to  refer 
by  anticipation  to  what  is  effected  by  the  Mural  Circle.  The  use  of  the 
Transit-Circle,  which  is  a  complete  astronomical  instrument,  is  capable  of 
being  explained  in  a  perfectly  logical  manner. 
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I.      DESCRIPTION   OF  THE  PARTS  AND   MOUNTING   OF 
THE    INSTRUMENT. 

158.  In  describing  the  Mural  Circle  (so  called  because 
when  mounted  it  is  usually  contiguous  to  the  vertical  face  of 
a  massive  wall)  I  shall  refer  mainly  to  that  of  the  Cambridge 
Observatory,  respecting  which,  after  long  use  of  it,  I  am  pre- 
pared to  say  that  in  respect  to  efficiency  and  accuracy  it  has 
probably  not  been  surpassed  by  any  other  instrument  of  the 
same  kind.  It  was  constructed  by  Troughton  and  Simms,  and 
mounted  in  October  1832.  The  divisions,  having  been  approxi- 
mately marked,  were  finally  cut  by  Mr  Simms  in  November  of 
the  same  year,  it  being  thought  advisable,  regard  being  had  to 
the  weight  and  size  of  the  instrument,  to  perform  this  operation 
after  it  was  mounted.  It  came  into  use  at  the  beginning  of 
1833,  and  in  the  Introduction  to  the  Volume  of  Cambridge 
Observations  for  that  year  Professor  Airy  gave  a  description 
of  it,  which  for  the  most  part  I  have  followed  in  that  which 
is  produced  here.  The  circle  is  eight  feet  in  diameter,  but  in 
all  other  respects  the  Cambridge  instrument  is  similar  to  the 
mural  circles  of  the  Greenwich  Observatory.  The  limb  is  con- 
nected with  the  centre  piece  by  sixteen  spokes,  or  hollow  cones, 
and  these  are  joined  together  at  about  the  middle  of  their 
lengths  by  consecutive  bars  forming  a  circle  whose  diameter 
is  about  half  that  of  the  exterior  circle.  The  limb  was  cast  in 
several  pieces,  which  were  afterwards  united  by  a  process 
technically  called  burning  together,  which,  when  skilfully  per- 
formed, makes  a  connection  as  perfect  as  if  the  whole  had 
been  cast  at  once.  The  axis  on  which  the  circle  turns  is  a 
hollow  cone,  4J  feet  long,  passing  through  a  very  massive  stone 
pier,  the  circle  being  on  its  eastern  face,  and  both  bearings  of 
the  axis  on  the  same  side  of  the  circle.  At  each  bearing  the 
axis  is  armed  with  a  steel  ring  which  turns  within  a  steel 
cylinder.  A  considerable  part  of  the  weight  at  the  bearing  of 
the  larger  ring,  that  near  the  circle,  is  supported  by  lever 
counterpoises.  The  divisions  of  the  limb  are  on  the  external 
edge,  so  that  the  microscopes  by  which  they  are  read  are  in  the 
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same  plane  as  the  circle.  The  microscopes,  six  in  number  and 
separated  by  equal  intervals,  are  attached  to  the  stone  pier  by 
brass  supports,  the  height  of  each  of  which  above  the  point  of 
attachment  is  intended  to  supply  a  thermometrical  expansion 
nearly  equal  to  the  upward  expansion  of  the  central  support  of 
the  instrument.  The  microscopes  are  fitted  with  micrometers, 
by  which  the  interval  of  5'  between  the  divisions  is  subdivided, 
and  the  circle-reading  can  be  taken  to  integral  seconds,  and 
by  estimation  to  tenths  of  a  second.  The  telescope  is  carried 
by  a  steel  rod  passing  through  the  hollow  conical  axis,  and 
its  position  on  the  circle  is  secured  by  frames  which  are 
clamped  to  the  limb  at  both  ends  of  the  telescope,  one  being 
as  near  as  possible  to  the  object-glass  cell,  and  the  other  as  near 
as  possible  to  the  wire-frame.  The  instrument  is  fixed,  or 
moved  slowly,  by  clamps  which  act  immediately  on  the  limb 
by  tangent-screws,  and  are  so  disposed  about  the  circle  that 
they  can  be  severally  used  according  to  the  convenience  of 
the  observer.  Originally  five  tangent-screws  were  attached  to 
the  wall,  but  after  it  was  found  that  three  were  sufficient, 
one  at  the  nadir  point  and  the  other  two  about  30°  below  the 
horizontal  diameter,  the  two  uppermost  were  taken  off. 

159.  To  prevent  any  injurious  effect  from  the  Sun's  heat 
in  mid-day  observations,  a  wooden  screen  is  provided,  by  which 
all  the  parts  of  the  limb  on  which  the  Sun's  rays  might  fall  are 
shaded.     That  part  of  the  screen  which  corresponds  to  the 
interval  between  the  tropics,  consists  of  a  sliding  board  with  a 
circular  hole  in  it,  a  little  larger  than  the  aperture  of  the 
telescope,  to  admit  of  the  incidence  of  rays  from  the  Sun  and 
planets  on  the  object-glass  when  the  screen  is  let  down. 

160.  The  principle  of  the  tangent-screw  and  clamp  may  be 
gathered  from  what  has  been  said  in  Art.  35.    I  propose  to  give 
here  the  description  of  one  specially  constructed  for  application 
to  the  Mural  Circle.     Figure  29  represents  the  form  of  the 
clamps  of  the  Cambridge  Circle.     The  screws  a,  a  fasten  to  the 
wall  a  brass  plate  which  carries  the  clamp ;   e,  e  are  milled 
heads,  which  are  fixed  to  the  ends  of  a  straight  rigid  stem 
for  turning  it ;  b,  b  are  supports  of  the  stem  fastened  to  the 
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brass  plate  ;  the  stem  passes  through  two  cylinders  c,  c,  which 
are  fixed  by  being  rigidly  connected  with  the  supports  6,  b ;  the 
left-hand  cylinder  is  tapped  for  the  screw  portion  of  the  stem 

Fig.  29. 


to  work  in;  the  right-hand  cylinder  contains  a  strong  spiral 
spring,  which  surrounds  the  stem,  and  is  compressed  between 
a  stop  in  the  cylinder  and  the  end  of  an  interior  movable 
cylinder.  The  latter  projects  from  the  other,  and  abuts  on  a 
transverse  part  of  the  clamp  opposite  the  end  of  the  screw,  so 
that  the  screw  and  spring  in  action  are  antagonistic  to  each 
other.  When  by  turning  either  milled  head,  the  screw  is 
drawn  out,  the  clamping  pieces  and  the  transverse  screw  d  are 
moved  in  the  direction  from  left  to  right  according  to  the  figure, 
and  on  turning  the  milled  head  in  the  opposite  direction  they 
are  moved  by  the  force  of  the  spring  from  right  to  left.  The 
limb  of  the  Circle  is  nipped  in  the  space  ff  between  two 
clamping-pieces  by  turning  the  screw  d,  which  draws  the 
farther  clamping-piece  close  up  to  the  other.  On  turning  that 
screw  back  to  release  the  hold,  the  Circle  is  undamped,  and  the 
farther  piece  is  pushed  out  by  two  small  springs  to  allow  of  free 
passage  of  the  limb  when  the  Circle  is  moved,  that  piece  being 
at  the  same  time  kept  in  place  by  two  screw-heads  seen  at  o 
and  o.  When  the  Circle  is  clamped  it  partakes  of  the  motion 
given  to  the  clamping-pieces  by  turning  one  or  the  other  of  the 
milled  heads  either  way.  But  for  the  final  motion  in  taking  an 
observation,  the  milled  head  is  always  to  be  turned  in  the 
direction  which  draws  out  the  screw  from  the  cylinder  c,  and 
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therefore  produces  motion  of  the  clamp  from  left-hand  to  right- 
hand.  The  reason  for  this  is,  that  the  bearing  on  the  threads 
of  the  screw  may  be  presumed  to  be  more  complete  and 
uniform  when  the  motion  is  opposed  to  the  action  of  the  spring 
than  in  the  contrary  case1.  That  the  observer  may  be  able  to 
decide  at  once  which  way  he  is  to  turn  the  milled  head,  half  of 
its  edge  is  cut  (as  shewn  in  the  Figure)  in  such  manner  as  to 
be  felt  by  the  finger  passing  over  it  rougher  in  one  direction 
than  in  the  other.  The  direction  of  the  turning  is  required  to 
be  that  in  which  the  greater  roughness  is  felt. 

161.  It  is  particularly  to  be  noticed,  as  being  the  principal 
advantage  of  this  form  of  clamp,  that  although  the  stem  is  rigid, 
and  its  supports  b,  b  are  rigidly  connected  with  the  brass  plate, 
the  clamping   apparatus  is   so  arranged  that  it  is  capable  of 
receiving  after  the  clamping,  together  with  the   motion  from 
left  to  right,  a  small  motion  of  rotation,  in  consequence  of  which 
no  strain  is  produced  by  the  circular  movement  of  the  Circle. 
For  this  purpose  the  apparatus  is  made  to  have  a  sliding  motion 
on  the  brass  plate,  and  the  stem  passes  through  an  elongated 
hole  in  the  transverse  brass  support  of  the  screw  d.     [The 
clamping  apparatus  of  the  Greenwich  mural  circles,  which  dif- 
fered from  this,  will  be  described  subsequently.] 

162.  It  is  now  required  to  take  into  consideration  the  con- 
struction and  use  of  the  micrometer-microscope,  by  means  of 
which,  as  stated  in  Art.  158,  the  graduation  intervals  are  sub- 
divided, and  the  angular  indications  of  the  Circle  are  read  off. 
Figure  30  represents  a  Troughton  reading  microscope,  the  con- 
struction of  which  in  all  essential  points  is  the  same  as  that  of 
the  microscopes  of  the  Cambridge  Circle,  although   it   differs 
from  them  in  form.     The  arrangement  of  parts  in  the  interior 


1  In  order  that  the  Circle  may  be  easily  turned  about  its  axis,  the  pivots  and 
their  collars  are  from  time  to  time  greased  by  a  composition,  in  certain 
proportions,  of  oil,  tallow,  and  bees'  wax,  to  diminish  the  friction.  It  some- 
times happened  with  the  Cambridge  Circle,  when  the  composition  required 
renewing,  that  the  force  of  the  spring  was  insufficient  of  itself  to  overcome 
the  friction.  This  is  another  reason  for  not  relying  on  the  action  of  the 
spring  in  moving  the  Circle  to  make  a  bisection.  Oil  alone  is  a  better  lubricant. 
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of  the  box  a  of  the  micrometer,  which  is  transverse  to  the  axis 
of  the  microscope,  may  be  understood  by  referring  to  Figure  4 
in  page  24,  so  far  as  relates  to  the  movement  of  the  micrometer- 


Fig.  30. 


(1) 


(2) 


wire  by  turning  the  micrometer-head ;  but  in  the  present  case, 
instead  of  a  single  transverse  wire,  the  turn  of  the  micrometer- 
head  moves  two  wires  crossing  each  other,  so  as  to  be  suitable 
for  bisecting  a  line  graduation  in  the  manner  shewn  in  Figure 
30  (2).  The  graduated  rim  r  is  divided  into  60  equal  parts  for 
reading  off  to  seconds  of  space  by  means  of  the  contiguous  fixed 
index  q.  The  tube  of  the  microscopes  consists  of  three  parts: 
(1)  the  part  e  is  a  cylindrical  tube,  screwed  to  the  box  of  the 
microscope,  and  carrying  a  Bamsden  eye-piece  /,  which  slides 
in  it  with  friction,  so  as  to  be  adjustible  for  seeing  the  cross 
wires  distinctly;  (2)  the  cylindrical  tube  bb,  which  is  screwed 
fast  to  the  plate  of  the  micrometer-box,  has  on  its  outside  a 
coarse  screw  for  action  with  the  tapped  nuts  d,  dr  with  milled 
heads,  and  also  an  interior  fine  screw  from  end  to  end;  a  por- 
tion of  the  same  tube  has,  besides,  at  the  end  a  fine  screw  on 
the  outside  for  action  with  a  third  circular  nut  i  with  milled 
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head;  (3)  the  part  g,  having  the  form  of  a  frustum  of  a  cone, 
carries  at  one  end  the  cell  h  of  the  object-glass,  and  terminates 
at  the  other  in  a  short  cylindrical  part,  which  is  inserted  in  the 
tube  bb,  and  has  a  fine  screw  on  the  outside  for  action  with  the 
fine  interior  screw  of  that  tube,  this  action  giving  the  means  of 
adjusting  the  distance  of  the  object-glass  from  the  cross  wires. 
When  the  adjustment  has  been  made,  the  nut  i  is  screwed  up 
to  a  shoulder,  and  the  position  of  the  object-glass  is  thus  fixed. 
The  dotted  figure  c  has  reference  to  the  mode  of  support  of  the 
microscope,  and  the  connection  of  the  support  with  the  wall. 
The  upright  part  of  the  support  c  has  a  hole  for  the  cylindrical 
part  bb  to  pass  through,  so  that  when  the  nuts  d,  d'  are 
screwed  up,  the  attachment  of  the  microscope  to  the  support, 
aad  by  consequence  to  the  wall,  is  effected. 

Figure  30  (2)  represents  the  field  of  view  of  the  microscope, 
shewing  the  image  of  a  portion  of  the  graduation  of  the  Circle, 
the  bisection  of  one  of  the  lines  of  graduation  by  the  cross  wires, 
and  the  toothed  comb  for  reading  off  the  integral  number  of 
micrometer-revolutions  reckoned  from  the  zero  position  marked 
by  a  circular  hole  in  the  comb.  The  rules  for  reading  off  will 
be  given  in  Division  II. 

163.  The  field  of  view  of  the  telescope,  the  apparatus  at 
the  eye-end  for  adjusting  the  wire-frame,  and  the  mode  of  con- 
necting the  telescope  with  the  limb  of  the  Circle,  are  exhibited 
by  Figure  31.  In  the  field  of  view  there  are  five  vertical  wires 
and  a  horizontal  wire  all  fixed  on  the  same  frame,  and  an  ad- 
ditional micrometer-wire  movable  by  turning  the  micrometer- 
head  M.  The  fixed  horizontal  wire  is  adjustible  to  horizontality 
by  the  apparatus  at  C  consisting  of  two  screws  supported  by  a 
frame  and  acting  oppositely  on  a  projection  e  rigidly  connected 
with  the  wire-frame,  by  which  means  a  rotational  motion  about 
the  axis  can  be  given  to  the  wire.  The  parallelism  of  the 
movable  wire  to  the  fixed  wire  depends  wholly  on  mechanical 
construction.  The  micrometer-head  M  has  on  its  rim  a  scale  of 
100  equal  parts,  pointing  to  which  there  is  a  fixed  index  for 
reading  off;  and  by  turning  M  the  micrometer-wire  may  be 
turned  either  way  by  intervention  of  the  antagonistic  spring  at 
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m.  For  a  reason  already  mentioned  (end  of  Art.  160)  the 
turning  of  M  is  always  in  the  direction  that  makes  the  micro- 
meter-wire approach  the  micrometer-head,  and  the  nearer  it  is 


to  the  micrometer-head  the  greater  is  the  reading  of  the  micro- 
meter-index. The  comb  on  the  left-hand  side  of  the  field,  with 
its  indentures  and  circle  for  zero-indication,  serves  for  reading 
off  the  integral  number  of  micrometer  revolutions.  Hh  is  a 
brass  ring,  rigidly  joined  to  the  frame  fff,  and  capable  of  being 
clamped  to  the  Telescope-tube  by  the  capstan-headed  screw  at 
D.  That  frame  is  clamped  to  the  limb  of  the  Circle  by  the  two 
clamps  c  and  d,  each  of  which  consists  of  two  rectangular  clamp- 
ing pieces  drawn  together  by  two  capstan-headed  screws,  and 
nipping  between  them  the  frame  /  and  the  limb  LI  of  the 
Circle.  The  attachment  of  the  Telescope  to  the  limb  at  the 
object-end  is  exactly  the  same.  After  releasing  the  four  clamps 
the  Telescope  may  be  shifted  to  a  new  position  on  the  Circle. 
The  screws  for  adjusting  the  wire-frame  for  correction  of  colli- 
mation-error  (not  seen  in  the  Figure),  have  the  same  position 
as  those  of  the  Telescope  of  the  Transit-instrument.  At  A  and 
B  are  two  screws  by  means  of  which  the  distance  of  the  wire- 
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frame  from  the  object-glass  may  be  adjusted  and  fixed.  For 
this  purpose  they  pass  through  two  small  plates,  fastened  by 
screws  to  the  tube  which  carries  the  eye-end  apparatus,  and  are 
worked  either  way  in  the  frame  Hh  by  capstan  levers,  the  tube 
being  finally  held  in  position  by  two  screws  and  circular  plates, 
as  shewn  in  the  Figure.  The  reason  for  having  the  means  of 
making  this  adjustment  is  the  same  as  that  already  given  in 
Art.  83  with  reference  to  the  apparatus  applied  to  the  Telescope 
of  the  Transit-instrument  for  effecting  the  same  adjustment. 

164.  The  Telescope  of  the  Mural  Circle  is  the  usual  astro- 
nomical telescope  constructed  to  fulfil  the  optical  conditions 
stated  in  Arts.  11 — 13,  and  is  generally  equal  in  length  to  the 
diameter  of  the  Circle,  that,  for  instance,  of  the  Cambridge 
Circle  having  the  focal  length  of  eight  feet.  In  case  a  stage  be 
placed  in  front  of  the  Circle  for  convenience  in  taking  reflection- 
observations,  the  illumination  of  the  field  is  best  effected  by 
putting  a  lamp  on  the  stage  opposite  an  aperture  at  the  middle 
of  the  Telescope-tube  for  the  incidence  of  rays  from  the  flame 
on  a  plane  reflector  inclined  at  an  angle  of  45°  to  the  axis  of  the 
Telescope.  This  is  the  arrangement  in  the  case  of  the  Cam- 
bridge Circle,  and  the  degree  of  illumination  is  regulated  by 
turning  a  milled  head,  which  acts  by  rack-work  on  two  rods 
connected  with  two  angular  plates  forming  a  square  opening, 
the  size  of  which  is  by  this  means  under  command.  A  single 
setting -circle,  constructed  like  the  setting-circles  of  the  Transit 
instrument,  and  attached  to  the  east  side  of  the  Telescope-tube 
near  the  eye-end,  serves  for  setting  the  Telescope  according  to 
the  approximate  N.  P.  D.  of  an  object  to  be  observed.  In  Cam- 
bridge practice,  however,  the  setting-circle  was  seldom  made  use 
of,  advantage  being  taken  of  the  graduation  of  the  Circle  itself 
to  perform  the  operation  by  means  of  a  pointer,  which  is  fixed 
to  the  wall,  and  points  in  the  direction  of  the  lines  of  gra- 
duation. These  lines  are  inscribed  on  a  gold  band  (white  metal 
would  have  been  better)  at  intervals  of  5',  and  every  alternate 
line  is  distinguished  by  circular  dots  to  enable  the  eye  readily 
to  catch  the  divisions  of  a  degree  into  intervals  of  10'.  Near 
the  gold  band  there  is  a  band  of  composite  whitish  metal,  on 
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which  the  integral  degrees  are  numbered  correspondingly  to  the 
graduation-lines,  so  that  by  means  of  the  two  bands  the  indica- 
tion of  the  pointer,  to  the  accuracy  of  about  a  minute,  may 
easily  be  seen,  and  the  Circle,  consequently,  be  quickly  set  to  that 
degree  of  accuracy1.  This  process  implies  that  the  observer  has 
approximately  inferred  the  setting -angle  from  the  polar  distance 
of  the  object  by  previous  calculation.  The  method  of  obtaining 
formulae  for  this  calculation  will  be  explained  in  Division  III. 

165.  It  has  already  been  stated  (Art.  158)  that  the  pivots 
of  the  Cambridge  instrument  turn  in  two  steel  collars,  a  larger 
one  close  to  the  Circle,  and  a  smaller  one  at  the  end  of  the 
conical  axis.  The  axis  of  motion  may  be  considered  to  be  the 
common  axis  of  these  two  pivots.  The  weight  of  the  instru- 
ment is  principally  sustained  by  the  larger  collar,  on  which 
account  the  pressure  on  this  collar  is  taken  off  in  great  degree 
by  lever  counterpoises  applied  in  the  small  interval  between  the 
collar  and  the  Circle.  The  counterpoise  action  is  effected  by 
the  upward  pressure  of  two  friction- wheels  suspended  by  iron 
bars  from  the  ends  of  two  levers  whose  fulcrums  are  on  the 
pier,  while  from  their  other  ends  heavy  weights  hang  down  in 
cylindrical  holes  made  in  the  pier  large  enough  for  free  suspen- 
sion of  the  weights.  The  smaller  collar  is  held  in  position 
within  a  fixed  frame  by  being  pressed  in  the  vertical  and  hori- 
zontal directions  by  two  screws,  working  in  the  frame,  and  by 
two  counteracting  springs.  Turning  the  vertical  and  horizontal 
screws  produces  respectively  vertical  and  horizontal  angular 
movements  of  the  axis  of  motion,  and  thus  gives  the  means  of 
correcting  mechanically  errors  of  level  and  azimuth. 

The  parts  and  appendages  of  the  Mural  Circle  having  now 
been  sufficiently  described,  I  proceed  to  treat  of  it  under  the 
Second  Division. 


1  In  the  mode  of  setting  practised  with  the  Cambridge  Transit- Circle,  an 
additional  microscope,  directed  for  this  purpose  to  the  graduation,  is  made  use 
of,  and  by  this  means  the  setting,  as  often  as  the  occasion  requires,  is  per- 
formed with  a  degree  of  certainty  and  exactness  not  attainable  by  the  ordinary 
setting-circles.  This  method  will  be  particularly  described  in  treating  of  the 
use  of  the  Transit -Circle. 
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II.      THE    ADJUSTMENTS    OF    A    MURAL     CIRCLE,    AND     CORREC- 
TIONS  OF   INSTRUMENTAL   ERRORS. 

166.  The  Mural  Circle  being  intended  for  measuring  the 
altitudes  of  objects  at  their  meridian-transits,  the  line  of  colli- 
mation  of  its  Telescope  is  required  to  be  adjusted  to  the  plane 
of  the  meridian.  But  since  the  Circle  is  only  used  for  measures 
of  arcs  of  the  meridian,  and  as  these  measures  are  not  sensibly 
altered  by  small  deviations  of  the  line  of  collimation  from  the 
meridian -plane,  the  errors  of  collimation,  level,  and  azimuth 
may  generally  be  corrected  with  sufficient  accuracy  by  mechan- 
ical means,  without  calculating  their  exact  amounts.  Also 
these  corrections  may  be  supposed  to  be  made  as  if  the  pivots 
were  perfectly  cylindrical,  and  the  axis  of  motion  had  a  fixed 
position  in  space,  because  the  effects  of  non-fulfilment  of  these 
conditions  on  the  measures  of  arc  are  taken  account  of  by  the 
microscope-readings,  as  will  afterwards  be  shewn.  This  being 
understood  we  may  proceed  to  the  consideration  of  methods  of 
adjusting  the  line  of  collimation  so  that  it  shall  move  in  the 
plane  of  the  meridian . 

167.  In  order  to  explain  the  requisite  processes  ab  initio 
(as  was  done  in  treating  of  the  transit-instrument),  I  shall  begin 
with  shewing  how  to  select  the  place  of  the  wall,  or  pier,  which 
is  to  support  the  Circle,  and  how,  after  the  wall  is  fixed  in  its 
position,  it  is  prepared  for  the  mounting  of  the  instrument. 
First,  a  spot  having  been  chosen  near  the  transit-room,  east- 
ward or  westward,  a  meridian  line  has  to  be  drawn  to  mark  the 
direction  of  the  face  of  the  wall.  This  may  be  done  with  suffi- 
cient accuracy  either  by  means  of  a  compass,  the  magnetic  decli- 
nation at  the  locality  being  known,  or  by  the  method  described 
in  Art.  10.  Then  the  face  of  the  wall  may  be  made  vertical, 
and  the  perforation  for  receiving  the  axis  of  the  instrument  be 
executed  at  the  proper  height  and  in  the  required  horizontal 
direction,  by  ordinary  mechanical  means.  Greater  precision 
is  required  for  fixing  within  the  perforation,  in  sufficiently 
approximate  positions,  the  supports  of  the  rings,  or  collars,  in 
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which  the  pivots  are  to  turn  (see  Art.  166).  Supposing  this  to 
have  been  done  with  as  much  accuracy  as  may  be  practicable 
by  measurements  taken  with  reference  to  the  bearing  of  the 
face  of  the  wall,  and  the  known  distance  between  the  pivots, 
and  the  supports  to  have  been  temporarily  fixed  so  as  to  admit 
of  placing  the  instrument  in  position,  the  next  operation  is  to 
level  the  axis  of  motion.  The  circumstances  of  the  mounting 
not  admitting  of  the  use  of  a  spirit-level  for  this  purpose,  the 
levelling  is  effected  by  a  plumb-line  employed  with  Ramsderis 
Ghost  Apparatus.  As  this  method  depends  essentially  on  an 
ingenious  application  of  optical  principles,  and  is  found  in 
practice  to  be  accurate  enough  for  a  final  horizontal  adjustment 
of  the  axis  of  a  Mural  Circle,  I  propose  to  give  here  an  account 
in  detail  of  the  construction  of  the  apparatus,  and  the  mode  of 
using  it. 

168.  The  principle  of  the  Ghost  apparatus  is  to  form,  in 
rigid  connection  with  the  axis  to  be  levelled,  an  optical  image, 
with  which  the  plumb-line  may  be  brought  into  coincidence 
without  interference  with  the  freedom  of  suspension.  The 
contrivance  invented  by  Ramsden  for  this  purpose  is  repre- 
sented by  Figure  32.  MN  is  a  brass  cylindrical  tube,  which  is 


n 


fastened  to  the  telescope-tube  so  as  to  have  its  axis  transverse 
to  the  direction  of  the  axis  of  the  telescope,  and,  as  shewn  in  the 
Figure,  is  partly  cut  away  to  allow  the  plumb-line  W w  to  pass 
through  or  very  near  its  axis.  A  and  B  are  two  movable  parts, 
of  cylindrical  form  with  milled  heads,  inserted  into  the  two 
ends  M  and  N  of  the  fixed  tube.  The  inserted  end  of  A, 
c.  11 
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represented  by  the  adjacent  figure  (7,  consists  of  a  circular 
pearl  disk,  on  which  is  fixed,  eccentrically,  a  small  brass  ring, 
the  interior  diameter  of  which  is  extremely  small.  At  the  other 
end  of  A  is  a  lens  g  by  which  the  pearl  is  illumined,  so  that  the 
interior  of  the  ring  appears  as  a  small  bright  circle  at  e.  An 
image  of  this  circle  is  formed  at  e  by  means  of  the  lens  at  L, 
A  being  first  pushed  close  up  to  the  end  M  of  the  fixed  tube. 
By  means  of  the  projection  w,  movable  in  a  slit,  the  lens  L 
(with  which  is  connected  a  diaphragm  D  for  contracting  the 
pencils)  may  be  placed  in  a  position  proper  for  forming  the 
image  e  where  the  plumb-line  can  conveniently  be  brought 
into  coincidence  with  it.  The  other  movable  part  B  carries  at 
its  inserted  end  a  single  lens  I,  with  which  the  image  e'  is  to  be 
viewed  by  the  eye  at  the  other  end,  when  the  position  of  the 
lens  for  distinctly  seeing  e'  has  been  tentatively  ascertained. 
After  the  foregoing  account  it  is,  farther,  to  be  mentioned  that 
for  the  purpose  of  levelling  the  axis  of  rotation  of  the  Circle,  two 
ghost  apparatus's,  exactly  alike,  are  fixed  to  the  telescope-tube, 
one  at  a  small  distance  from  the  eye-end,  and  the  other  at  the 
same  distance  from  the  object-end.  Before  shewing  how  they 
are  both  made  use  of  for  effecting  the  levelling,  it  is  necessary 
to  explain  the  construction  of  apparatus  specially  designed  for 
adjusting  the  position  of  the  plumb-line. 

169.  The  parts  of  this  apparatus  and  the  mode  of  using  it 
may  be  indicated  by  means  of  Figure  33.  At  one  end  is  a 
transverse  brass  plate  A  J.,  which,  being  let  into  a  vertical  socket 
fastened  to  the  top  of  the  wall,  determines  the  horizontal  direc- 
tion of  the  intermediate  part  connecting  this  plate  with  another 
at  the  other  end,  to  which  the  plumb-line  is  attached  by  the 
hook  e.  By  turning  the  screw  B,  the  tube  to  which  the  latter 
plate  is  fastened,  is  made,  by  rack-work  within  an  exterior  tube, 
to  move  through  large  spaces,  for  the  purpose  of  placing  the 
plumb-line  at  the  distance  from  the  wall  proper  for  being  viewed 
with  the  ghost  apparatus,  or  removing  it .  farther  off  to  any 
required  distance.  By  this  means,  and  by  the  tangent- screw 
movement  of  the  Circle,  the  plumb-line  is  brought  nearly  into 
coincidence  with  the  ghost,  and  the  position  is  fixed  by  the 
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clamping-screw  (7;  after  which  an  exact  adjustment  is  made  by 
the  following  means.  The  plumb-line  efg  passes  at  f  between 
threads  of  a  fine  horizontal  screw,  which  is  attached  by  brackets 
to  a  second  plate  fastened  to  the  other  near  the  top,  but  capable 


Fig.  33. 


of  a  small  separation  from  it  at  the  lower  part.  This  separation 
is  effected  by  turning  the  milled  head  dd,  which,  by  the  inter- 
vention of  a  fine  screw,  gives  slow  motion  to  the  plate  and 
plumb-line  in  the  horizontal  direction  perpendicular  to  the  face 
of  the  wall.  Then,  since  the  line  passes  between  threads  of  the 
screw,  by  turning  either  of  the  milled  heads  hh  pertaining  to 
the  screw,  the  line  is  moved  horizontally  in  a  direction  parallel 
to  the  wall.  By  the  two  rectangular  movements  the  plumb- 
line  may  be  brought  into  exact  coincidence  with  the  image. 
Supposing  this  to  have  been  done  with  the  upper  apparatus, 
since  by  the  previous  arrangements  the  axis  of  the  instrument 
is  approximately  horizontal,  and,  when  the  axis  of  the  telescope 
is  vertical,  one  ghost  apparatus  is  exactly  below  the  other,  the 
line  may  be  expected  to  be  seen  in  the  lower  apparatus  not  far 
from  the  image.  If,  however,  it  be  found  to  be  inconveniently 
distant,  the  line  is  to  be  brought  half-way  towards  the  image 
by  turning  the  vertical  adjusting  screw  at  the  back  of  the  wall, 
and  the  operation  of  bisecting  the  upper  image  must  be  repeated. 
The  line,  as  seen  with  the  lower  apparatus,  may  always  by  such 
means  be  brought  sufficiently  near  the  lower  image  to  admit  of 
a  coincidence  being  effected,  in  consequence  of  the  eccentric 

11—2 
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position  of  the  point  e,by  simply  turning  the  cylindrical  piece  A 
about  its  axis  (see  Fig.  32).  By  this  process  the  plumb-line  is 
made  to  pass  through  two  points  rigidly  connected  with  the  Circle. 
We  have  next  to  consider  how  by  having  the  means  of  satisfy- 
ing this  condition,  the  axis  of  motion  of  the  Circle  (as  also  that 
of  any  mass  to  which  the  same  apparatus  could  be  applied) 
may  be  horizontally  adjusted. 

170.  The  plummet  is  usually  a  brass  weight  of  cylindrical 
form,  immersed  in  water,  and  largely  indented  at  its  vertical 
surface,  for  the  purpose  of  putting  a  stop  to  oscillatory  and 
rotatory  motions.  In  Figure  34,  let  a  and 
b  be  the  two  bisected  points  joined  by  the 
vertical  line  aCb,  which  may  be  supposed 
to  pass  through  a  point  C  on  the  axis  of 
rotation.  Let  CA  be  the  direction  of  this 
axis,  and  draw  CH  in  the  horizontal  direc- 
tion,  so  that  ACH  is  the  angle  to  be  cor- 
rected. After  effecting  the  first  bisections 
of  the  two  points,  the  screw  C  (Fig.  33) 
is  to  be  turned  for  unclamping,  and  then 

by  turning  the  screw  B  the  plumb-line  can  be  moved  far  enough 
from  the  wall  to  be  free  from  the  ghost  apparatus's,  so  as  to  allow 
of  turning  the  telescope  through  180°.  By  this  motion  let  a 
come  to  a  and  b  to  b',  so  that  aa  and  bb'  are  perpendicular  to  A  C,. 
and  the  angle  Cad  is  equal  to  the  angle  ACH.  Next  the  plumb- 
line  is  to  be  restored  to  its  place  by  turning  the  screw  B,  and 
the  observer  may  then  proceed  to  bisect  b'  by  precisely  the 
same  process  as  that  by  which  a  was  bisected  in  the  first  in- 
stance. This  having  been  done,  let  the  plumb-line  hang  down 
in  the  direction  b'p.  If  the  axis  had  been  horizontal  p  would 
have  coincided  with  a,  instead  of  being  seen  with  the  lens  I 
(Fig.  32)  at  the  distance  pa'.  Now  let  the  dotted  line  Ch  bisect 
the  angle  b  Ca  ;  then  will  z  hCa  =  z  Caa'  =  z  A  CH,  the  angle 
to  be  corrected.  But  pa  =  twice  ba  =  four  times  ha.  Hence  that 
angle  will  be  corrected  by  turning  the  adjusting  screw  at  the 
back  of  the  pier  till  the  point  a  is  moved  in  the  direction  from 
a'  towards  p  through  one-fourth  the  interval  pa,  because  by 
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this  motion  the  straight  line  Ca  will  be  moved  through  the 
angle  a'  Ch,  and  therefore  CA  through  the  angle  A  GH.  The 
level-error  of  the  axis  will  thus  be  corrected  ;  but  because  no 
micrometer  is  used,  and  the  judgment  by  the  eye  of  one-fourth 
that  interval  is  uncertain,  the  correction  can  only  be  considered 
as  roughly  approximate. 

171.  The  use  of  the  ghost  apparatus  is  perhaps  the  best 
method  of  effecting  a  first  levelling  of  the  axis  of  a  Mural 
Circle,  and  by  repeating  the  process  a  sufficiently  accurate  final 
adjustment  might  be  made.     But  it  would  be  preferable,  after 
the  first  approximation,  to  correct  the  result  by  means  of  reflec- 
tion and  direct  observations  of  Polaris  obtained  in  the  manner 
stated  in  Art.   127.      Since,  however,  this  method  gives  the 
level-error  in  angular  measure,  in  order  to  correct  it  mechani- 
cally (as  proposed  in  Art.  166),  the  following  process  might  be 
adopted.     The  angular  error  in  seconds  being  e,  the  length  of 
the  axis  in  inches  I,  and  R  being  the  number  of  seconds  in  an 
arc  equal  to  radius,  the  length  of  the  small  line  which  at  the 
position  of  the  screw  for.  level  adjustment  subtends  the  angle  e 

is  -p .     Suppose  a  pair  of  compasses  to  be  applied  to  the  screw 

so  as  to  include  in  the  direction  parallel  to  its  axis  a  number 
n  of  threads,  and  let  the  opening  of  the  compasses  measured  on 

a  scale  be  h  in  inches.     Then  will  -  be  the  common  interval 

n 

between  the  threads,  or  the  motion  in  the  vertical  direction 
produced  by  one  revolution  of  the  screw.  The  required  correc- 
tion will  consequently  be  made  by  turning  the  screw,  in  the 

*YLl  G 

proper  direction,  through  the  fractional  part  j-^  of  a  revolution, 

which  might  be  done  by  estimation,  or,  for  greater  certainty,  by 
appropriate  scale  measure. 

172.  After  this  correction  of  level-error,  the  error  of  colli- 
mation  may  be  mechanically  corrected  by  using  the  collimating 
eye-piece,  first,  for  placing  the  telescope  in  a  vertical  position  by 
bringing  the  fixed  wire  and  its  reflected  image  into  coincidence 
by  the  tangent-screw  motion  (see  Art.  84),  and  then  for  making 
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the  mid-wire  and  its  reflected  image  coincide  by  means  of  the 
screws  for  adjusting  the  wire-frame  horizontally.  Again,  by  the 
use  of  two  collimators1  in  the  manner  described  in  Arts.  53 — 55, 
we  might  begin  with  correcting  mechanically  the  collimation- 
error,  by  adjusting  the  wire-frame  till  the  mid-wire  is  made  to 
collimate  with  each  of  two  wires,  one  in  the  North  collimator, 
and  the  other  in  the  South  collimator,  these  wires  having  been 
previously  made  to  collimate  with  each  other  through  an  aper- 
ture formed  at  the  middle  of  the  telescope-tube  for  this  purpose. 
The  level-error  can  then  be  corrected  by  means  of  the  collima- 
ting  eye-piece,  by  turning  the  screw  for  level  adjustment  till 
the  mid-wire  coincides  with  its  image.  After  the  mechanical 
corrections  of  the  collimation  and  level-errors  have  been  made 
by  either  of  these  methods,  the  azimuth  error  may  be  calculated 
from  transit  observations  taken  under  any  of  the  conditions 
mentioned  in  Arts.  88  and  89,  an  astronomical  clock  being 
placed  in  the  Circle-room  for  taking  such  observations.  The 
error  being  thus  obtained  in  angular  measure,  the  movement  of 
the  azimuth-adjustment  screw  for  correcting  it  may  be  ascer- 
tained just  as  in  the  case  of  the  mechanical  correction  of  level- 
error,  the  account  of  which  is  given  in  detail  in  Art.  171. 

173.  Although  the  line  of  collimation  may  by  the  mechani- 
cal means  above  indicated  be  made  to  move  in  the  plane  of  the 
the  meridian  with  sufficient  exactness  for  observations  of  zenith 
distances,  it  is  not  possible  under  the  usual  arrangements  per- 
taining to  the  Mural  Circle  to  obtain  by  calculation  the  amount 
of  the  collimation -error,  for  the  two  reasons  that  the  Circle  does 
not  admit  of  azimuthal  reversion,  and  is  not  provided  with  a 
vertical  micrometer2.  However,  during  a  portion  of  June,  1858, 

1  The  Cambridge  Observatory  was  furnished,  at  my  instance,  with  two  colli- 
mators which,  not  being  permanently  fixed,  could  be  temporarily  set  up  for  the 
purpose  here  mentioned.     They  were  originally  procured  to  be  employed  for 
measuring  the  effect  of  flexure  on  the  indications  of  the  Circle  for  any  position 
of  the  telescope,  by  a  process  which  there  will  be  occasion  to  speak  of  in 
Division  in. 

2  The  large  mural  quadrant  of  eight  feet  radius,  constructed  by  Bird,  which 
for  a  long  time  was  used  at  the  Greenwich  Observatory,  was  too  ponderous  for 
azimuthal  reversion,  and,  consequently,  could  not  furnish  data  for  calculating 
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while  repairs  were  going  on  in  the  Transit-room,  being  desirous 
of  keeping  up  the  determinations  of  clock-rate  and  clock-error, 
I  made  use  of  the  Circle  and  the  clock  in  the  Circle-room  for 
taking  transits,  and  to  ensure  accuracy  calculated  the  values  of 
the  three  corrections  by  the  following  means.  The  intervals  of 
the  five  wires  from  the  mean  of  all  were  first  obtained  by 
transits  of  Polaris  ;  then  the  level-error  was  found  by  reflection 
and  direct  transits  of  the  same  star ;  after  which  the  telescope 
was  pointed  to  the  nadir,  and  the  distance  of  the  micrometer- 
wire  from  the  fixed  horizontal  wire  was  adjusted  so  that,  by  means 
of  the  collimating  eye-piece,  the  two  wires,  with  the  mid-wire 
and  its  reflected  image,  could  be  seen  to  form,  according  to  the 
judgment  of  the  eye,  a  small  square.  The  interval  in  arc 
between  the  fixed  and  micrometer-wires  being  ascertained  (by 
means  that  will  be  subsequently  indicated),  that  between  the 
mid-wire  and  its  image  became  known,  the  half  of  which  mea- 
sured the  angular  distance  of  the  mid- wire  from  the  vertical 
plane  through  the  optical  centre  of  the  object-glass.  As  this 
distance  was  made  up  of  the  level  and  collimation-errors,  and 
the  level-error  was  already  calculated,  the  amount  of  collimation- 
error  was  inferred.  The  azimuth  error  was  then  calculated  in 
the  usual  way.  It  is  plain  that  such  an  operation  would  not  be 
required  in  the  case  of  an  irreversible  Transit-circle,  because  by 
means  of  its  vertical  micrometer,  and  the  use  of  the  collimating 
eye-piece,  or  of  the  two  collimators,  the  error  of  collimation  of 
the  mid- wire,  and,  consequently,  that  of  the  mean  of  the  wires, 

its  own  error  of  collimation ;  on  which  account  a  reversible  Zenith  Sector  was 
employed  as  a  subsidiary  means  of  effecting  the  calculation.  This  was,  in  fact, 
an  altitude  and  azimuth  instrument,  limited  as  to  range  of  altitude  to  small 
distances  from  the  zenith,  and  having  a  radius  considerably  larger  than  that  of 
the  quadrant  in  order  to  diminish  the  probable  error  of  comparisons  of  obser- 
vations of  the  same  star  with  the  two  instruments.  In  Woodhouse's  Astronomy 
(1821),  Vol.  I.,  Part  i.,  p.  68,  an  example  is  given  of  the  calculation  of  collima- 
tion-error  from  a  comparison  of  the  means  of  the  zenith  distances  of  7  Draconis 
derived  from  observations  made  in  the  year  1812  with  the  quadrant  and  zenith 
sector  of  the  Greenwich  Observatory.  In  the  erection  of  the  Cambridge  Obser- 
vatory a  room  was  prepared  for  the  reception  of  a  zenith  sector  of  25  feet 
radius,  but  the  instrument  was  not  procured,  an  exact  calculation  of  the  amount 
of  the  collimation -error  of  the  Mural  Circle  not  being  required. 
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might  always  be  calculated.    (See  Cambridge  Observations,  Vol. 
XX.  for  1855 — 1860,  p.  Ixxxv.) 

174.  In  order  to  test  the  position  of  the  Circle  relatively  to 
the  plane  of  the  meridian,  it  was  usual  at  Cambridge  to  take 
transits  of  known  stars  of  various  polar  distances  from  time  to 
time  with  the  Circle-telescope  and  clock   (Molyneux)  in  the 
Circle-room,  and  at  the  same  time  to  compare  the  clock  (Hardy) 
in  the  Transit-room  with  Molyneux.     The  error  of  Hardy  being 
known,  and  that  of  Molyneux  inferred,  the  sidereal  times  of  the 
transits  were  computed,  and  by  comparing  them  with  the  known 
apparent  K.A.  of  the  stars,  the  errors  in  time  due  to  deviation 
of  the  pointing  of  the  telescope  from  the  plane  of  the  meridian 
were  obtained.     By  these  it  would  be  seen  whether  the  adjust- 
ment of  the  plane  of  collimation  to  the  plane  of  the  meridian 
was  sufficiently  exact. 

The  Microscope-reading. 

175.  The  Circle  being  supposed  to  be  put  in  position,  we 
have  next  to  consider  the  adjustments  required  to  prepare  the 
micrometer-microscopes  for  reading   off  the  graduation,  their 
parts  and  mounting  being  already  described  in  Art.  162.     It  is, 
first,  to  be  stated  that  the  graduation  proceeds  in  the  direction 
from  the  South  side  of  the  Circle  over  the  upper  part  to  the 
North  side,  in  order  that  the  Circle  readings,  as  shewn  by  a 
fixed  index,  may  increase  as  the  telescope  is  moved  from  the 
Pole  southward,  that  is,  as  the  polar  distance  increases.     The 
micrometer-heads  are  all  turned  in  the  direction  of  the  gradua- 
tion, so  that  Figure  30  (1),  in  page  155,  represents  the  position 
of  the  micrometer-head  of  that  microscope  which  is  near  the 
south  end  of  the  horizontal  diameter  of  the  Circle.     In  the  field 
of  view  of  the  microscope,  represented  by  Figure  30  (2),  is  seen 
a  portion  of  the  gold  band  on  the  rim  of  the  Circle,  with  lines 
of  graduation  across  at  intervals  of  5',  the  graduation  proceeding, 
since  the  microscope  inverts,  in  the  downward  direction.     One 
of  the  lines,  that  which  is  nearest  the  hole  of  the  comb  and 
towards  the  micrometer-head,  is  bisected  *by  the  cross-wires  of 
the  microscope.     There  are  screws  (not  seen  in  the  Figure)  by 
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which  the  axis  of  the  microscope  is  adjusted  so  that  the  inter- 
section of  the  cross-wires  is  brought  to  the  middle  of  the  gold 
band.  Also  when  the  tongue  pointing  to  the  intersection  of  the 
cross-wires  is  placed,  by  turning  the  micrometer-head,  across 
the  centre  of  the  circular  hole  in  the  comb,  the  index  q  by  which 
the  graduation  on  the  rim  r  is  read  off,  should  point  very  nearly 
to  zero.  If  this  be  not  the  case,  the  micrometer-head  is  to  be 
set  to  the  zero  reading,  and  then  the  comb  is  to  be  shifted,  by 
turning  a  screw  provided  for  that  purpose,  till  the  tongue 
crosses  the  centre  of  the  circular  hole.  This  adjustment  of 
the  comb  is  to  be  performed  for  each  of  the  microscopes,  the 
Circle  being  in  the  mean  time  clamped. 

176.  After  adjusting  the  combs,  and  while  the  micrometer- 
indices  still  point  to  the  zero  readings,  a  line  of  graduation  is 
to  be  brought  by  the  tangent-screw  to  be  bisected  by  the  cross- 
wires  of  one  of  the  microscopes.     This  having  been  done,  and 
the  Circle  remaining  clamped,  the    cross-wires   of  the  other 
microscopes  are  to  be  made  to  bisect,  at  the  middle  of  the  gold 
band,  the  lines  of  graduation  to  which  the  tongues  point,  by 
means  of  screws  provided  for  adjustments  of  the  microscope-axes 
in  the  vertical  plane,  in  addition  to  those  for  the  horizontal 
adjustment  mentioned  in  Art.  175.     The  original  mounting  of 
the  microscopes  is  intended  to  secure  that  the  lines  of  gradua- 
tion thus  bisected  shall  be  separated  by  equal  arcs,  for  instance, 
of  60°  in  the  case  of  six  microscopes.    If  an  inspection  of  the  two 
graduation  bands  should  shew  that  the  proper  line  has  not  in 
every  case  been  selected,  new  adjustments  of  the  axes  of  the 
discordant  microscopes  will  have  to  be  made,  every  thing  else 
remaining  as  before.  What  is  done  by  these  operations  is  called 
the  setting  of  the  microscopes. 

177.  The  rim  of  the  micrometer-head  being,  as  stated  in 
Art.  162,  divided  into  60  equal  parts,  and  the  common  interval 
between  the  graduation  lines  of  the  Circle  being  5',  suppose  the 
cross-wires  of  any  microscope   to  be  moved  from  the  above- 
mentioned  position  for  bisecting  the  line  opposite  the  hole  of 
the  comb,  through  five  complete  revolutions,  as  indicated  by 
the  teeth  of  the  comb  and  the  micrometer-index,  and  let  the 
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direction  of  the  motion  be  that  of  increasing  index-readings, 
and  therefore  towards  the  micrometer-head.  Then  if  the  next 
line  of  graduation  be  found  to  be  exactly  bisected,  the  interval 
between  the  divisions  of  the  micrometer-head  will  correspond 
.to  one  second  of  the  arc  of  the  Circle.  This  condition  is  ap- 
proximately satisfied  at  the  first  mounting  of  the  microscope ; 
but  as  it  is  liable  to  gradual  change,  or  sudden  disarrangement, 
the  astronomer  is  provided  with  means  of  making  the  adjust- 
ment himself,  or,  at  least,  of  securing  that  the  deviation  from 
its  exact  fulfilment  shall  always  be  small.  The  way  in  which 
this  is  effected  by  means  of  the  apparatus  described  in  Art.  162, 
may  be  shewn  as  follows  by  reference  to  that  description,  and 
to  Figure  30  in  pages  155  and  170.  The  first  step  is  to  ascer- 

Fig.  30. 
(1)  (2) 


tain  whether  the  image  of  the  graduation  in  the  field  of  the 
microscope,  and  the  cross-wires,  can  be  seen  at  the  same  time 
distinctly  with  the  eye-piece  /.  If  not,  the  distance  of  the 
object-glass  at  h  from  the  graduation  has  to  be  altered,  after 
releasing  the  clamping  nut  i,  by  turning  the  tube  g  (see  Art. 
162)  till  the  required  condition  is  fulfilled,  and  then  clamping 
again.  Next,  the  number  of  the  division-intervals  of  the  mi- 
crometer-head corresponding  to  the  graduation-interval  of  5'  is 
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to  be  found  by  bisecting  two  consecutive  lines  in  the  manner 
just  stated,  and  noting  the  difference  of  the  index-readings  in 
the  two  cases.  Supposing  that  in  this  way  the  difference  is 
found  to  be  5  x  60  +  x,  and  that  a?  is  a  considerable  number 
whether  positive  or  negative,  the  distance  of  the  microscope 
from  the  graduation  will  in  that  case  have  to  be  changed.  The 
quantity  x  is  called  the  Run  of  the  microscope.  According  as 
x  is  positive  or  negative  the  image  of  the  graduation-interval  is 
too  large  or  too  small,  and  the  microscope  requires  to  be  moved 
bodily  from  or  towards  the  circle.  Suppose  that  by  means  of 
the  tapped  nuts  d,  d'  the  microscope  is  moved,  in  the  direction 
required  for  correcting  the  Run,  through  a  given  space  k,  which 
might  be  the  interval  between  consecutive  threads  of  the 
external  screw.  Then  after  adjusting  the  object-glass  for  seeing 
the  graduation-lines  distinctly  together  with  the  micrometer- 
wire,  let  the  interval  of  5'  be  again  measured  as  before,  and 
suppose  the  number  of  micrometer-intervals  now  to  be  300  +  x. 
Then  the  additional  space  through  which  the  microscope  re- 
quires to  be  moved  to  correct  the  Run  x  has  to  x  the  same 

ratio  that  k  has  to  x  —  x',  or  is  equal  to  -    — , .     According  as 

x  —  x 

this  quantity  is  positive  or  negative,  the  second  movement  is  to 
be  in  the  same  direction  as  the  first,  or  in  the  contrary  direction. 
By  such  means  the  Run  of  a  microscope  can  always  be  approxi- 
mately corrected.  For  reasons  that  will  be  given  in  the  next  two 
paragraphs,  the  correction  is  not  required  to  be  made  with  ex- 
treme accuracy.  After  correcting  the  Runs  of  all  the  micro- 
scopes, the  settings  of  the  microscopes  should  be  repeated. 

178.  It  is  now  required  to  define  precisely  a  microscope- 
reading  of  the  Circle-graduation.  The  reference  position  of  the 
cross-wires  of  the  microscope  is  that  for  which  the  micrometer- 
index  is  at  zero  when  the  intersection  of  the  wires  is  opposite 
to  the  hole  of  the  comb.  As  shewn  in  Figure  30  (2),  the  line 
selected  for  bisection  is  that  which  is  nearest  the  hole  of  the 
comb  on  the  same  side  as  the  micrometer-head,  the  reasons  for 
the  selection  being  that  the  order  of  the  graduation,  as  seen  in 
the  microscope,  is  from  the  micrometer-head,  and  the  purpose 
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of  the  microscope-reading  is  to  measure  the  interval  from 
the  bisected  line  to  the  reference  position  just  defined.  The 
degrees  and  minutes  reckoned  from  the  zero  of  the  Circle- 
graduation  to  the  bisected  line  are  given  at  once  by  the  two 
graduated  bands  described  in  Art.  164,  and  the  addition  of  the 
microscope-reading,  consisting  of  the  minutes  inferred  from  the 
number  of  indents  of  the  comb  between  the  hole  and  the  pro- 
jecting tongue,  together  with  the  seconds  read  from  the  micro- 
meter-graduation, makes  up  the  whole  of  the  arc  from  the  zero 
of  the  Circle-graduation  to  the  reference  pointing  of  the  micro- 
scope. Let,  for  example,  the  arc  of  the  circle  from  zero  to  the 
bisected  line  be  130°.  25',  and  the  microscope-reading  (which 
as  represented  in  the  Figure  is  nearly  2')  be  exactly  1'.  54",7; 
then  the  Circle-reading  given  by  the  particular  microscope  is 
130°.  26'.  54",7.  It  is  to  be  noticed  that  the  micrometer-gradua- 
tion is  always  read  off  to  estimated  tenths  of  a  second. 

179.  Here  it  is  to  be  observed  that  the  above  microscope- 
reading  is  not  accurate  unless  the  value  of  the  micrometer- 
intervals  be  exactly  1",  or  the  Run  of  the  microscope  be  zero. 
If  it  be  found  that  the  arc  of  5'  is  measured  by  300  +  a  micro- 

OAA 

meter-intervals,  the  value  of  one  interval  will  be  ^7^ x  I"* 

300  +  x 

Hence  if  the   recorded  microscope-reading   be  h,  the  required 

,.      .       300&        ,          -hx  .    .      , 

correction  is  h,  or  -^.  nearly,  x  being  by  supposition 

small  compared  to  300.     If  h  be  expressed  approximately  in 

hx 

minutes  and  tenths  of  a  minute,  this  amount  is  — — ,  which  is  the 

5 

formula  for  the  correction  of  the  Run  of  any  one  of  the  micro- 
scopes. In  the  example  given  in  ihe  preceding  article,  h  =  l',9, 
so  that  if,  for  instance,  x  were  found  to  be  +  3",5,  the  correction 

1  9 

would  be £-  x  3",5  =  —  1",3  to  tenths  of  a  second.     The  rule 

o 

is  the  same  if  h  should  somewhat  exceed  5';  but  if,  as  is  some- 
times the  case,  a  line  on  the  negative  side  of  zero  be  bisected, 
the  micrometer-reading  is  set  down  as  if  the  reading  at  zero 
were  5'.  Then  if  h  be  the  recorded  reading,  and  if  h'  be  the 
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distance    in    micrometer-measure    of    the    positive    line    from 

zero,  we  have  h'  =  x  +  h,  and  the  correction  for  Runs  =  — — 

o 

=  _  (h  4.  x)  f .     Consequently  the  corrected  micrometer-reading 
5 

x  f       h\ 

for  the  positive  line  is  h  + x  -  (h  +  x)  j;  =  h  + x  \l  —  ^J  nearly, 

x  x  -^-r  being  omitted,  because  x  does  not  exceed  a  small  number 
oUU 

of  seconds.  Thus  the  correction  for  Runs  in  this  case  is 
4-#  (l  —  -J  ,  and  is  called  a  "Negative  Correction." 

The  Circle-reading. 

180.  We  are  now  prepared  to  obtain  rules  for  calculating 
accurately  the  mean  of  all  the  microscope-readings,  or,  as  it  is 
called,  a  complete  Circle-reading.     Supposing  the  number  of  the 
microscopes  to  be  six,  let  the  recorded  readings  be  ra^  w2,...me, 
and  the  Runs  of  the  respective  microscopes  be  xv  a*2,. .  .xff    Then 
since  by  the  setting  of  the  microscopes  h  has  nearly  the  same 

value   for  all,  the  corrected  microscope-readings  are  Im,l  —  -?xlj 

m«  —  ^x2,&c.,  and  their   sum   may   be   written    2.w  —  -2.ic. 
o    '  o 

The  Runs  of  all  the  microscopes,  as  being  subject  to  continual 
changes,  probably  owing  chiefly  to  the  effect  of  changes  of 
temperature  on  the  radius  of  the  graduation-band,  are  taken 
once  or  twice  a  week,  or  even  nightly,  and  the  values  of  2 .  x 
thereby  obtained  are  used  for  observations  made  both  before 
and  after  the  several  times  of  taking  the  Runs.  The  quantity 
—  2 .  x  is  called  the  Correction  for  Runs ;  a  proportional  part  of 
which  in  the  ratio  to  the  whole  of  h  to  5,  or,  in  the  case  of  a 
negative  line  being  bisected,  in  the  ratio  of  h  —  5  to  5,  is  added 
up  with  the  six  microscope-readings,  and  the  sum,  divided  by  6, 
gives  the  complete  Circle-reading. 

181.  In  consequence  of  the  setting  of  the  microscopes,  it 
suffices  to  record  the  Circle-reading  for  the  bisected  line  in  the 
case  of  only  one  of  the  microscopes,  and  the  one  most  convenient 
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for  this  purpose  is  that  at  the  north  end  of  the  Circle's  horizon- 
tal diameter.  As  a  Circle-reading  has  of  itself  no  astronomical 
signification,  it  may  be  reckoned  from  the  zero  of  the  graduation 
to  an  index  in  an  arbitrary  position ;  and  hence,  for  the  sake  of 
convenience  in  recording,  we  may  take,  instead  of  the  Circle- 
reading  for  the  bisected  line,  that  for  a  line  distant  from  the 
bisected  line  by  a  constant  arc.  In  order  that  this  may  be 
readily  done,  the  pointer  spoken  of  in  Art.  164,  as  being  used 
for  setting  for  an  observation,  is  so  placed  that  it  points  to  a 
graduation-line  when  there  is  one  coincident  with  the  zero 
position  of  the  selected  microscope.  Then  the  Pointer-reading 
to  be  recorded  is  the  circle-reading  for  the  line  which  has  the 
same  position  relative  to  the  pointer,  as  the  bisected  line  of 
graduation  has  to  the  zero  of  the  microscope,  and  is,  therefore, 
the  circle-reading  for  the  line  which  in  the  order  of  graduation 
comes  next  before  the  pointer  (see  Art.  178).  In  the  case  of  the 
Cambridge  Circle  the  pointer  is  placed  below  the  north  microscope, 
or  farther  on  in  the  order  of  graduation,  and  the  arc  between  the 
zero  of  the  microscope  and  the  pointer  is  10°.  40'.  Accordingly 
in  the  instance  in  Art.  178,  the  pointer-reading  would  be 
130°.  25'  + 10°.  40',  or  141°.  5',  and  the  concluded  Circle-reading 
141°.  6'.  54",7  for  the  particular  microscope.  It  is  to  be  un- 
derstood that  the  graduation  proceeds  from  0°  to  360°  round 
the  Circle. 

182.  Besides  the  error  of  Runs,  the  microscope-readings 
may  be  affected  by  two  other  kinds  of  error  due  to  the  following 
causes.  First,  the  centre  of  the  graduation,  defined  to  be  the 
centre  of  a  circle  coinciding  with  the  middle  of  the  gold  band, 
may  not  be  on  the  axis  of  motion,  in  which  case  the  Circle  is 
said  to  be  eccentric;  and  again,  the  axis  of  motion  may  not  have 
a  fixed  position  in  space  in  consequence  of  a  non-cylindrical  form 
of  the  pivots.  If  the  pivots  be  exactly  cylindrical  the  path  of 
the  centre  of  graduation  is  a  circle;  otherwise  it  is  a  re-entering 
curve  the  deviations  of  which  from  the  circular  form  depend  wholly 
on  the  shape  of  the  pivots.  In  Figure  35  let  OPQR  represent 
the  path  described  by  the  centre  of  graduation  when  the  Circle 
is  turned  on  its  axis  completely  round ;  and  supposing  the  centre 
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of  the  graduation  to  be  at  any  point  0  of  the  path,  let  COC'  be 
drawn  through  this  point  in  the  common  direction  of  the  axes  of 
the  opposite  microscopes  A  and  B;  and  at  the  same  time,  the 

Fig.  35. 


opposite  limbs  being  at  MC  and  NC',  let  the  Runs  of  the  two 
microscopes  be  taken.  Suppose  also  that  by  turning  the  Circle 
about  its  axis  the  position  of  the  centre  of  graduation  is  changed 
from  0  to  Q,  and  that  the  limbs  are  brought  into  the  new 
positions  at  D  and  D'.  The  motion  of  the  Circle  by  which 
these  changes  are  produced  may  be  conceived  to  consist  of  a 
motion  of  rotation  about  the  centre  of  graduation  at  0,  and  a 
motion  of  translation  of  every  point  of  the  Circle  equal  and 
parallel  to  the  translation  of  the  centre  of  graduation  from  0 
to  Q.  The  former  motion  produces  no  change  of  the  position 
of  the  periphery  of  the  Circle  ;  and  the  change  produced  by 
the  other  is  such  that  if  CE  and  G'E'  be  drawn  parallel  and 
equal  to  OQ,  the  points  which  by  the  rotation  alone  would  be 
brought  to  C  and  Gr  at  the  end  of  the  interval  during  which 
the  centre  of  graduation  passes  along  the  curve  OPQR  from  0 
to  Q,  are  brought,  at  the  end  of  the  same  interval,  by  the 
motions  of  rotation  and  translation  combined,  to  the  positions 
E  and  E'.  It  is  evident  since  by  the  construction  CD  =  CfD') 
that  the  Kun  of  A  is  as  much  diminished,  as  that  of  B  is 
increased,  by  the  change  of  the  distances  of  the  graduation  from 
the  microscopes,  and  their  sum  is  consequently  unchanged.  Also, 
the  graduation  proceeding  in  the  direction  indicated  by  the 
arrow-heads,  since  DE  =  D'E',  the  pointing  of  A  is  as  much  in 
advance  of  the  position  E  as  the  pointing  of  B  is  behind  that  of 
E'y  so  that  the  sum  of  the  opposite  readings  remains  unaltered 
by  the  change  of  position  of  the  Circle.  Since  A  and  B  may  be 
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any  two  opposite  microscopes,  the  same  inferences  apply  to  the 
complete  Circle-reading.  Hence  we  may  conclude,  that  after 
obtaining  the  correction  of  the  error  of  Runs  for  a  given  posi- 
tion of  the  Circle,  the  remaining  errors,  due  to  eccentricity  of 
the  graduation  and  irregularity  of  the  forms  of  the  pivots,  are 
corrected  in  the  means  of  the  readings  of  opposite  microscopes  *. 
It  is  advisable,  for  greater  certainty,  to  determine  the  correction 
for  error  of  Runs  for  more  than  one  position  of  the  Circle  at  the 
same  time. 

183.  The  position  of  reference  in  the  field  of  view  for 
observations  with  the  Mural  Circle  is  that  of  a  fixed  horizontal 
wire,  which  in  Figure  31  (p.  157)  is  represented  by  the  straight 
line  passing  through  the  hole  of  the  comb,  and  the  object 
observed  is  bisected  by  this  wire  by  means  of  the  tangent-screw 
movement,  generally  when  it  is  crossing,  or  very  near,  the 
middle  of  the  five  vertical  wires.  As,  however,  the  bisections 
cannot  always  be  made  at  this  part  of  the  field,  the  fixed  wire 
requires  an  exact  equatorial  adjustment,  in  order  that  the 
reference  position  which  it  indicates  may  be  the  same  for 
bisections  made  at  different  distances  from  the  middle  wire. 
This  adjustment  is  effected  by  means  of  the  apparatus  C  (see 
Art.  163),  which  serves  to  give  to  the  fixed  wire  a  motion  of 
rotation  about  the  axis  of  the  telescope.  By  joining  this 
motion  with  the  movement  of  the  Circle  by  the  tangent-screw, 
a  small  star,  on  or  near  the  Equator,  may  be  made  to  traverse 
the  wire  during  its  passage  through  the  field.  If  an  equatorial 
star  should  be  judged  to  be  well  bisected  by  the  wire  throughout 
the  course,  the  required  adjustment  may  be  considered  to  be 

1  According  to  this  theory  the  errors  of  the  graduation-readings  of  a  Mural 
Circle  might  be  corrected  by  the  use  of  only  two  opposite  microscopes.  In 
reliance  on  this  principle,  Pond  made  trial  for  a  time  of  a  single  pair  of  micro- 
scopes: but  having  found,  after  comparing  the  results  with  those  obtained  by 
Bix  microscopes,  that  the  latter  were  the  more  consistent  and  trustworthy,  he 
finally  adopted  the  use  of  six.  Considering  the  changes  of  form  the  Circle  may 
be  liable  to  from  the  mechanical  effect  of  its  own  weight,  and  from  differences 
of  temperature  at  different  parts,  it  might  be  expected  that  the  larger  number 
of  microscopes  would  have  the  effect  of  eliminating,  at  least  in  part,  residual 
errors  due  to  those  causes. 
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made.  That,  however,  is  a  condition  it  is  not  easy  to  satisfy, 
requiring  generally  a  succession  of  trials  by  different  stars,  which, 
for  greater  certainty  in  bisecting,  should  all  be  of  about  the 
ninth  magnitude.  When  the  required  condition  has  been  by 
degrees  fulfilled,  the  wire  is  to  be  fixed  in  position  by  making 
the  opposite  screws  of  G  bear  fully  on  the  projecting  piece  e 
(Fig.  31).  As  it  is  important  that  this  adjustment  should  be 
exact,  it  would  be  well,  after  completing  the  operation,  to  test 
the  result  by  additional  bisections  of  small  equatorial  stars. 

184.  The  use  of  the  fixed  wire  might  be  dispensed  with  by 
making  all  bisections  with  the  micrometer-wire  (Art.  161),  sup- 
posing the  reference  position  to  be  indicated  by  this  wire  when 
it  crosses  the  hole  of  the  comb  and  the  micrometer-index  is  at 
zero.  For  convenience  the  micrometer-reading  for  this  position 
may  be  taken  to  be  exactly  10r.  This  method  requires  the 
micrometer- wire  to  be  equatorially  adjusted  by  the  process 
described  in  Art.  183  relatively  to  the  fixed  wire.  This  process 
may  in  the  present  case  be  facilitated  by  bisecting  the  star  soon 
after  its  entrance  into  the  field  and  shortly  before  its  departure, 
and  judging  from  the  difference  of  the  micrometer-readings  for 
the  two  bisections,  as  to  the  amount  of  angular  deviation  of  the 
wire  that  remains  to  be  corrected.  Although  simplicity  is 
gained  by  using  only  the  micrometer- wire,  it  is  still  to  be  said 
that  a  fixed  wire  may  be  advantageously  employed  in  certain 
observations,  such  as  measures  of  the  diameters  of  planets,  and 
generally  for  measuring  small  differences  of  N.  P.  D.  of  adjacent 
objects.  In  any  case,  however,  it  will  be  required  to  reduce  an 
observation  made  by  bisecting  the  object  with  the  micrometer- 
wire  in  any  position,  to  what  it  would  have  been  if  the  bisection 
had  been  made  in  the  reference  position.  This  is  done  when 
there  is  only  a  micrometer-wire  by  subtracting  10r  from  the 
micrometer-reading  for  the  bisection,  and  multiplying  the  excess 
(positive  or  negative)  by  the  value  in  arc  of  one  micrometer- 
revolution,  as  ascertained  by  processes  that  will  be  given  in  the 
next  paragraph.  The  result  with  its  sign  changed  is  to  be  added 
to  the  mean  of  the  microscope-readings  to  obtain  the  concluded 
Circle-reading  for  the  observation.  In  the  case  of  a  fixed  wire 
c.  12 
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equatorially  adjusted,  the  micrometer-wire  (Fig.  31)  is  not 
assumed  to  be  exactly  parallel  to  it,  because,  as  stated  in  Art. 
161,  the  apparent  parallelism  depends  wholly  on  mechanical 
construction.  Hence,  on  the  principle  of  testing  and  correcting 
mechanical  adjustments  by  optical  means,  the  readings  for 
coincidence  of  the  micrometer-wire  with  the  fixed  wire  (see  Art. 
51)  are  taken  at  the  five  vertical  wires  and  at  the  comb,  and 
those  for  intermediate  positions  are  inferred  by  interpolation. 
Then  the  distance  of  an  object  bisected  by  the  micrometer- wire 
from  the  fixed  wire  is  measured  by  the  excess  of  the  reading  for 
bisection  above  the  coincidence-reading  corresponding  to  the 
place  of  bisection,  and  this  excess,  converted  into  arc,  is  to  be 
applied  negatively  to  the  mean  of  the  microscope-readings. 

185.  For  finding  the  value  in  arc  of  one  revolution  of  the 
micrometer,  a  meridian  mark,  such  as  that  described  in  page  40, 
note  1,  might  be  made  use  of  in  the  following  manner.  The 
micrometer-wire,  being  set  at  a  certain  number  of  integral 
revolutions  from  zero,  as  —  10r,  is  brought  by  clamp  and  tangent- 
screw  to  bisect  the  mark,  and  the  circle-reading  is  taken.  Then 
after  another  setting,  as  at  +  10r,  the  wire  is  again  brought  to 
bisect  the  mark,  and  another  circle-reading  is  taken.  The 
difference  between  the  circle-readings  is  the  value  in  arc  of  the 
difference  between  the  micrometer-readings,  and  being  divided 
by  the  number  of  the  micrometer-revolutions  (20,  in  the  sup- 
posed instance),  gives  the  value  in  arc  of  lr.  The  adopted 
value  should  be  the  mean  of  several  such  measures.  In  making 
use  of  this  method  I  found  that  the  measures  were  vitiated  by 
variation  of  terrestrial  refraction  in  the  interval  between  the 
bisections,  the  apparent  altitude  of  the  mark  being  thereby 
altered,  especially  if  the  operation  was  performed  in  the  evening. 
This  source  of  error  may  in  great  measure  be  got  rid  of  by 
employing  the  following  process.  Supposing  the  micrometer- 
wire  to  be  set  at  +  10r,  —  107",  and  +  10r  in  succession,  and  the 
mark  to  be  bisected  by  the  wire  in  each  position,  let  the  respec- 
tive circle-readings  be  av  aa,  a3.  Then  if  by  the  increment  of 
refraction  in  the  interval  between  the  first  and  second  bisections 
the  angular  elevation  of  the  mark  be  increased  by  e,  the  reading 
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a2,  as  compared  with  at,  is  too  small  by  6,  or,  corrected  for 
change  of  refraction,  becomes  a2  -f  e.  So  if  the  interval  between. 
the  second  and  third  bisections  be  the  same  as  that  between 
the  first  and  second,  and  the  variation  of  refraction  during  the 
two  intervals  be  supposed  to  be  uniform,  the  corrected  third 
reading,  or  that  which  would  have  been  obtained  if  the  refrac- 
tion had  not  varied,  is  az  +  2e.  We  have,  therefore,  from  the 
three  Circle-readings  for  bisection  of  the  mark,  when  the  micro- 
meter-readings and  the  corrections  for  variation  of  refraction 
are  taken  into  account,  the  following  equations  : 

at  +  10r  =  a8  +  e  -  10r  =  a3  +  2e  +  10r. 
Hence       20r  =  a2  -  at  +  e,  and  20r  =  a2  —  a3  -  e. 


If  the  successive  settings  of  the  micrometer   be   —  10r,  +  10", 

—  10r,  the  value  of  20r  is  —  ~  —  -  —  a2.     Supposing  the  mark  to 

2i 

be  bisected  any  number  of  times  n  exceeding  3,  and  the  micro- 
meter settings  to  be  alternately  +Wr  and  —  10*"  beginning  with 
either,  we  might  obtain,  in  the  manner  above  shewn,  a  measure 
of  20r  from  the  Circle-readings  av  a2,  a3  ;  another  from  a2,  aa,  a4  ; 
and  so  on.  Each  of  the  n  —  2  values  thus  calculated  would  be 
in  great  measure  free  from  the  effects  of  variation  of  refraction. 
I  have  found  that  the  several  values  thus  obtained  are  consist- 
ent with  each  other,  and  that  their  sum  divided  by  n  —  2  gives 
a  very  probable  mean  result1. 

1  This  method  of  alternate  measures  for  extracting  the  true  measure  of  a 
quantity  from  observations  affected  with  small  continuous  changes,  admits  of 
various  applications.  We  have  had  an  instance  in  the  determination  of  the 
azimuth-error  of  a  transit-instrument  by  observations  of  the  clock-times  of 
transit  of  Polaris  alternately  above  and  below  Pole.  (See  Art.  89  (4).)  The 
method  may  be  generalized  as  follows.  Let  a1?  a2,  a3...an  be  quantities  recorded 
in  order  of  time,  as  given  by  the  alternate  observations,  and  let  dv  d%,  d^...dn_l 
be  the  differences  (without  respect  to  sign)  between  ax  and  a2,  a2  and  a3,  &c., 
that  is,  the  several  measures  uncorrected  for  the  above-mentioned  changes. 
Then  if  A1  =  d1-frf2,  A2  =  d2  +  d3,  .  ,  .  An_2  =  dn_2  +  dn_v  the  corrected  measure  is 
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186.  On  account  of  the  above-mentioned  effect  of  the  varia- 
tion of  terrestrial  refraction,  and  the  general  unsteadiness  of  the 
image  of  a  distant  mark,  the  use  of  a  Collimator  for  deter- 
mining the  value  of  the  micrometer-revolution,  whether  it  be 
temporarily  or  permanently  fixed,  is  much   to    be   preferred. 
The  collimator  may  be  at  a  short  distance  from   the   Circle- 
telescope,  and  even  in  the  same  room,  and  at  its  geometrical 
focus  there  should  be  two  connected  parallel  wires,  like  those 
which   in   Figure  13  (p.  44)  are  represented  as  being  in  the 
field  of  view  bb  of  the  collimator  B.     In  fact,  this  collimator  is 
well  adapted  for  the  present  purpose,  the  parallel  wires  being 
first  brought  into  position  across  the  middle  of  the  field  by 
turning  the  Collimator's  micrometer-head.     These  wires  have 
to  be  adjusted  to  geometrical  focus,  and  placed  parallel  to  the 
micrometer-wire  of  the  Circle-telescope,  by  the  processes  indicated 
in  Art.  54.     Then  the  micrometer-wire,  after  being  set  either  at 
—  10r  or  +  10r,  is  to  be  brought  Ify  clamp  and  tangent-screw  to 
the  middle  of  the  fixed  space  between  the  images  of  the  two 
parallel  wires  (a  condition  which  by  the  judgment  of  the  eye 
can  be  satisfied  with  great  precision),  and  the  Circle-reading  is 
to  be  taken.     The  same  operations  having  been  performed  with 
the  micrometer- wire  set  at  +  10r,  or  —  10r,  the  difference  of  the 
two  readings  is  a  measure  of  20r,  whence  the  value  in  arc  of  1** 
may  be  at  once  inferred.     The  adopted  value  should  be  the 
mean  of  several  such  determinations ;    and  it  is  advisable,  in 
this  method  also,  to  read  off  the  Circle  for  observations  made  in 
alternate  positions  of  the  wire,  as  probably  tending  to  diminish 
the  effect  of  incidental  errors. 

187.  It    has   been   shewn   (Art.  182)  that  corrections  for 
the  error  of  Runs,  obtained  in  an  arbitrary  position  of  the  Circle, 
are  applicable  to  any  other  position,  notwithstanding  eccentricity 
of  the  graduation  and  irregularity  of  forms  of  the  pivots,  if  the 
graduation-band    be    always    circular   and   its   radius   remain 
unchanged.     But  if  these  conditions  be  not  fulfilled,  the  sum  of 
the  Runs  might  be  different  for  every  different  position  of  the 
Circle,  or  be  different  for  the  same  position  at  different  times. 
Such  changes  might  be  produced  by  the  effects  of  change  of  tern- 
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perature  both  on  the  Circle  and  the  microscopes,  or  by  the  defor- 
mation of  the  Circle  due  to  flexure  caused  by  its  weight,  or  by 
the  two  causes  combined.  As  far  as  regards  the  bodily  movements 
of  the  Circle  and  the  microscopes  by  the  effects  of  temperature, 
it  is  evident  that  if  the  heights  of  the  supports  be  arranged  so 
that  there  is  no  motion  of  the  microscopes  relative  to  the  Circle, 
the  amount  of  Runs  will  not  be  changed.  (See  Art.  158,  p.  152). 
Also  supposing  the  change  of  height  of  the  supports  by  tempe- 
rature to  be  such  as  to  make  the  Circle  move  relatively  to  the 
microscopes,  it  appears  from  the  argument  in  Art.  182,  that  no 
change  of  the  amount  of  Runs  will  thereby  be  produced,  if  only 
the  motions  of  opposite  microscopes  be  equal  and  parallel.  But 
so  far  as  by  the  effect  of  temperature  the  displacements  of 
opposite  microscopes  are  not  the  same  in  amount  and  direction, 
or  the  radius  of  the  graduation-band  is  changed,  or  its  curvature 
is  caused  to  vary  from  point  to  point,  the  amount  of  Runs 
undergoes  change,  because  the  simultaneous  changes  of  the 
Runs  of  two  opposite  microscopes  do  not  in  these  cases  neutralize 
each  other.  The  errors  with  which  the  Circle-readings  will  in 
consequence  be  affected,  can  only  be  obviated  by  frequently 
taking  the  Runs,  and  in  various  positions  of  the  Circle,  with 
special  reference  to  changes  of  temperature.  The  effect  of  the 
deformation  of  the  Circle  by  its  weight,  and  of  the  flexure  of  the 
telescope-tube  thence  resulting,  will  come  under  consideration 
in  Division  III. 

The  Zenith  Point. 

188.  Before  proceeding  to  treat  of  the  mode  of  using  the 
Mural  Circle  for  observing  celestial  objects,  it  is  required  to 
find  the  value  of  an  arc  which  may  be  called  the  index  error  of 
a  Circle-reading.  It  has  been  stated  (Art.  181)  that  a  Circle- 
reading  obtained,  according  to  the  foregoing  rules,  for  any 
arbitrary  position  of  the  telescope,  has  no  signification  of  itself; 
but  a  reading  obtained  (by  means  which  will  be  presently 
indicated)  for  the  particular  position  in  which  the  telescope 
points  to  the  zenith  of  the  place  of  observation,  gives  the  means 
of  inferring  from  other  Circle-readings  Zenith  Distances.  It  is 
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conceivable  that  by  shifting  the  telescope  on  the  Circle  through 
an  arc  exactly  equal  to  the  Circle-reading  for  zenith-direction, 
that  reading  might  be  reduced  to  zero,  and  the  index  error  thus 
be  corrected.  Bat  there  is  no  need  to  make  this  mechanical 
correction,  because  the  index  error  is  virtually  corrected,  as  will 
afterwards  appear,  by  the  process  of  calculation  applied  to  each 
observation.  The  uncorrected  index  error,  as  having  reference 
to  the  zenith- direction,  is  called  the  zenith  point 

189.  There  are  various  ways  of  obtaining  the  Circle-reading 
for  the  zenith-direction.  The  use  of  floating  collimators  for  this 
purpose,  proposed  by  Kater,  is  simple  in  principle,  and  gives 
trustworthy  results,  but  does  not  admit  of  the  degree  of  accuracy 
attainable  by  employing  the  collimating  eye-piece  in  a  manner 
which  will  presently  be  indicated.  Floating  collimators  are  of 
two  kinds,  vertical  and  horizontal,  the  principle  of  floating  being 
applied  alike  in  both.  The  collimator,  consisting  simply  of  an 
achromatic  object-glass,  with  cross- wires  at  the  geometrical  focus, 
is  firmly  attached  to  a  heavy  iron  plate  which  floats  on  mercury 
contained  in  a  shallow  iron  vessel.  In  the  case  of  the  vertical 
collimator,  the  axis  of  which  is  nearly  vertical,  the  object-glass  is 
directed  downwards  through  an  aperture  at  the  central  part  of 
the  bottom  of  a  vessel  of  circular  form,  the  shapes  given  to  the 
interior  containing  surface  of  the  vessel,  and  to  the  iron  plate, 
being  such  as  to  allow  of  collimating  with  the  telescope  through 
the  aperture.  A  contrivance  is  added  whereby  the  vessel  and 
its  contents,  together  with  the  collimator,  may  be  readily  turned 
about  a  vertical  axis  through  an  arc  which  by  a  check  is  limited 
to  180°.  For  use  with  a  Mural  Circle  this  instrument  requires 
to  be  supported  by  an  appropriate  frame  just  above  the  highest 
part  of  the  Circle,  in  order  to  perform  the  collimation  with  the 
telescope  directed  nearly  to  the  zenith.  The  collimation  is 
effected  when,  by  moving  the  Circle  and  adjusting  the  position 
of  the  cross-wires,  their  intersection,  as  seen  in  the  field  of  the 
telescope,  is  brought  to  be  coincident  with  a  defined  point  near 
the  centre  of  the  field.  The  Circle-reading  is  then  taken,  and 
after  turning  the  collimator  through  180°,  the  collimation  is 
performed  as  before,  the  same  two  points  being  brought  into 
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coincidence,  and  the  Circle  is  again  read  off.  Since  by  the 
principle  of  floating  the  axis  of  the  collimator  in  the  two 
positions  is  equally  inclined  to  the  vertical  in  opposite  azimuths, 
the  same  will  be  the  case  with  respect  to  the  axis  of  pointing 
of  the  telescope,  and  the  mean  of  the  two  Circle-readings  will 
consequently  give  the  reading  for  zenith-direction,  or  the  zenith 
point.  In  Figure  36,  0,  o,  c  are  respectively  the  positions  of 

Fig.  36. 


the  optical  centres  of  the  telescope's  and  collimator' s  object- 
glasses,  and  the  intersection  of  the  cross-wires,  before  reversing 
the  floating  apparatus,  and  0',  o',  c  the  positions  of  the  same 
points  after.  The  three  points  may  in  each  case  be  assumed  to 
be  on  the  same  straight  line  representing  the  common  direction 
of  the  axes  of  the  telescope  and  collimator,  and  the  straight 
line  NZ  bisecting  the  angle  which  the  two  directions  make  with 
each  other  gives  the  direction  of  the  zenith. 

190.  In  the  case  of  the  horizontal  floating  collimator,  the 
iron  vessel  containing  the  mercury  is  of  rectangular  form,  and 
the  float  is  a  rectangular  plate  of  iron,  to  which  the  vertical 
supports  of  the  two  ends  of  the  collimator  are  attached.  When 
floating  the  collimator  has  its  axis  very  nearly  horizontal,  anJ 
by  means  of  pins  fastened  to  opposite  edges  of  the  plates  and 
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fitting  into  fixed  slits,  horizontal  displacements  of  the  apparatus 
are  sufficiently  prevented.  After  the  collimator  has  been  suitably 
placed  on  a  level  with  the  centre  of  the  Circle  to  the  North  or 
South,  the  collimation  with  the  telescope  is  effected  just  as  in 
the  case  of  the  vertical  collimator,  and  the  Circle  is  read  off. 
The  collimator  is  then  transferred  to  the  opposite  side  of  the 
Circle  and  similarly  placed,  and  after  a  second  collimation  with 
the  telescope,  the  Circle  is  again  read  off.  For  the  same  reason 
as  in  the  case  of  the  vertical  collimator  the  axis  of  the  telescope 
in  the  two  positions  is  equally  inclined  in  opposite  azimuths  to 
the  vertical,  and  the  mean  of  the  Circle-readings  is  therefore  the 
zenith  point.  The  way  in  which  the  geometrical  conditions  of 

Fig.  37. 


the  operation  are  illustrated  by  means  of  Figure  37  may  be  stated 
in  the  very  same  terms  as  those  applied  above  to  the  vertical 
collimator  by  reference  to  Figure  36. 

(The  method  of  obtaining  the  zenith  point  by  direct  and 
reflection  observations  of  the  same  star  belongs  to  the  next 
Division.) 

191.  It  only  remains  to  shew  how  to  determine  the  zenith 
point  by  means  of  the  collirnating  eye-piece  described  in  Art.  81, 
which,  as  used  at  the  Cambridge  Observatory,  could  be  adapted 
both  to  the  telescope  of  the  Transit-instrument  and  to  that  of 
the  Mural  Circle.  There  are  several  ways  of  employing  the 
collimating  eye-piece  for  this  purpose.  Care  should  first  be 
taken  in  each  instance  to  perform  the  adjustment  of  the  distance 
of  the  wire-frame  from  the  object-glass  by  which  a  wire  and  its 
image  are  made  to  appear  equally  well  defined  (see  end  of  Art. 
161).  If  the  telescope  has  only  a  micrometer-wire,  for  deter- 
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mining  the  zenith  point  it  is  only  required  to  obtain  the  micro- 
meter-reading for  coincidence  of  the  wire  with  its  reflected 
image,  the  Circle  being  previously  set  so  that  the  coincidence 
may  take  place  near  the  middle  of  the  field,  or  the  coincidence 
reading  not  differ  much  from  10r.  The  coincidence  of  a  wire 
with  its  image  may  be  judged  of  with  considerable  certainty  by 
noticing  the  definition  when  they  are  being  brought  into 
conjunction,  which  becomes  sensibly  sharper  as  the  coincidence 
is  more  exact.  But  in  general  it  is  best  to  place  the  image 
either  in  contact  with  the  wire,  or  at  small  distances  from  it 
judged  by  the  eye  to  be  equal,  an  equal  number  of  times  on  one 
side  and  on  the  other,  and  to  take  the  mean  of  the  micrometer- 
readings  in  the  different  positions  for  the  coincidence  reading. 
The  difference  between  this  value  and  the  reference  reading  of 
10r,  being  converted  into  arc,  and  applied  to  a  Circle-reading 
taken  before  or  after  the  coincidence  is  observed,  gives  the 
Circle-reading  for  the  pointing  of  the  telescope  in  the  direction 
indicated  by  that  coincidence,  that  is,  the  zenith  point.  If  the 
telescope  has  a  fixed  wire  for  reference,  the  wire  and  its  image 
might  be  brought  into  coincidence  by  movement  of  the  Circle 
by  clamp  and  tangent-screw,  if  such  apparatus  should  be 
conveniently  within  reach,  and  the  Circle-reading  then  taken 
would  be  at  once  the  zenith  point.  But  it  would  be  a  more 
certain  method  to  obtain,  for  a  given  Circle-reading  not  differing 
much  from  the  zenith  point,  the  reading  for  coincidence  of  the 
micrometer-wire  with  its  image  in  the  way  just  stated,  and  then 
after  finding  the  reading  for  coincidence  of  the  micrometer-wire 
with  the  fixed  wire,  and  converting  the  difference  of  the  two 
readings  into  arc,  to  infer  the  zenith  point  by  applying  the 
difference  to  the  above  mentioned  Circle-reading.  For  finding 
the  reading  for  coincidence  of  the  micrometer- wire  with  its 
image,  I  finally  adopted  the  following  method,  considering  it 
more  accurate  than  those  before  mentioned;  but  it  is  only 
applicable  in  case  there  is  a  fixed  wire.  A  Circle-reading  differing 
little  from  the  zenith  point  having  been  taken,  the  micrometer- 
wire  was  placed  so  that  either  its  image,  or  that  of  the  fixed 
wire,  was  mid-way  between  the  two  wires,  a  position  which  could 
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be  determined  with  nicety  by  the  judgment  of  the  eye.  Then, 
the  micrometer-reading  for  coincidence  with  the  fixed  wire  being 
taken,  if  a  be  the  reading  for  that  wire  whose  image  is  mid- way 
between  the  two,  and  b  the  reading  for  the  other,  the  reading 
r  for  coincidence  of  the  micrometer-wire  with  its  image  is 

evidently  given  in  all  cases  by  the  equation  r  =  a  +  ^(b  —  a). 

As  the  zenith  point  is  a  reference  quantity,  for  the  sake  of 
accuracy  it  should  be  frequently  observed,  regard  being  had  at 
the  same  time  to  changes  of  temperature,  and  on  each  occasion 
the  Kuns  should  be  taken. 

Plate  II.  represents  the  Troughton  Mural  Circle,  which, 
in  conjunction  with  a  similar  one  by  Jones,  was  used  at  the 
Greenwich  Observatory  till  both  were  superseded  by  the  erection 
of  the  present  Transit  Circle.  An  historic  interest  pertains  to 
Troughton's  instrument,  it  being  the  first  of  the  kind.  The 
Cambridge  Mural  Circle  is  very  like  this  both  as  to  construction 
and  mounting,  but  differs  in  being  eight  feet,  instead  of  six 
feet,  in  diameter,  and  in  some  minor  details.  The  six  micro- 
scopes (for  the  description  of  which  see  Art.  162)  are  repre- 
sented as  mounted  on  brass  supports  satisfying  the  condition 
spoken  of  in  Articles  158  and  187.  The  designations  of  the 
microscopes,  in  the  order  from  North  over  the  highest  part  of 
the  Circle  to  South,  are  A,  C,  E,  B,  D,  .Fand  the  readings  are 
recorded  in  this  order  in  two  rows  A,  0,  E  and  B,  D,  F,  the 
latter  under  the  other,  so  that  the  mean  of  the  readings  of  each 
set  of  opposite  microscopes  can  be  readily  inferred,  and  any 
considerable  change  of  value  be  detected.  The  object-end  of 
the  telescope  is  at  a,  and  the  eye-end  at  e,  and  the  positions  of 
the  two  Rarnsden's  Ghost  Apparatus  (described  in  Articles 
168 — 170)  are  at/ and  g.  The  friction  wheels  nn  are  suspended 
for  the  counterpoise  action  by  the  rods  mm  (see  Art.  165). 
For  the  purposes  of  clamping  and  slow  motion,  a  circular  flat 
ring,  somewhat  larger  than  the  graduated  rim  of  the  Circle,  is 
fastened  to  the  wall,  and  on  this  ring  a  clamp-and-screw  c  for 
slow  motion  slides,  and  may  be  clamped  to  it  at  any  point, 
a  clamp  b,  which  bites  the  Circle  and  gives  it  motion,  being  at 
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the  other  end  of  the  moving  screw.  The  necessity  for  this 
additional  ring  is  superseded  in  the  case  of  the  Cambridge 
Circle  by  the  construction  of  the  clamp  and  tangent-screw,  as 
explained  in  Art.  160,  by  reference  to  Figure  29.  The  letters 
P,  Q,  H  mark  the  positions  at  which  the  three  apparatus  used 
with  that  Circle  are  attached  to  the  wall,  the  position  of  P 
being  about  30°  below  the  microscope  A.  The  small  squares 
near  the  microscopes  are  sockets  for  inserting  the  support  of 
the  lamp  by  which  the  graduation  read  off  by  the  microscopes 
is  illumined.  The  lamp-supports  of  the  Cambridge  Circle  are 
connected  by  hinges  with  attachments  to  the  wall,  and  can  be 
let  down,  or  put  up,  as  the  purpose  they  are  intended  for  re- 
quires. 

III.      METHODS   OF   OBSERVING  WITH   THE    MURAL   CIRCLE,    AND 
CALCULATION  OF  APPARENT  ZENITH  DISTANCES. 

192.  It  will  be  assumed,  as  in  the  case  of  taking  observa- 
tions with  the  transit-instrument,  that  in  every  instance  the 
right  ascension  and  polar  distance  of  the  object  to  be  observed, 
and  the  error  of  a  sidereal  clock,  suitably  placed  in  the  observ- 
ing room,  are  at  least  approximately  known.  (See  Art.  108.) 
Let  us,  first,  suppose  that  the  index  at  that  end  of  the  level  of 
the  setting-circle  which  is  northward  when  the  bubble  is  in 
mid-position,  is  made  to  point  to  the  zero  of  the  graduation 
when  the  telescope  is  directed  to  the  zenith  by  any  of  the 
means  described  in  Arts.  189 — 191,  the  graduation  proceeding 
both  ways  from  zero  to  180°.  Then  another  index  attached  to 
the  level,  and  at  a  distance  below  the  first  equal  to  the  colati- 
tude  \,  will  point  to  the  graduation-reading  for  polar  distance 
of  zenith,  and,  therefore,  indicate  the  actual  pointing  of  the 
telescope.  The  same  index  will  serve  for  setting  the  telescope 
to  any  given  polar  distance  X  +  z,  because  if  the  setting-angle 
be  increased  by  z,  the  telescope,  in  order  to  bring  the  bubble 
to  mid-position,  must  be  turned  to  point  farther  from  the  Pole 
by  the  same  angle.  This,  in  fact,  is  the  usual  method  of  setting 
for  direct  observations  made  with  a  Transit-instrument.  But 
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with  the  Mural  Circle,  besides  direct  observations,  many  are 
taken  by  reflection  at  the  surface  of  mercury,  and  it  is,  there- 
fore, required  to  find  the  position  of  an  index  which  may  be 
used  for  setting  in  such  observations. 

193.  If  the  telescope  be  moved  northward  from  the  zenith 
direction  through  an  angle  equal  to  the  colatitude  X,  it  will  be 
made  to  point  to  the  Pole,  and  in  order  that  the  bubble  may 
in  that  case  be  in  mid-position,  the  level  must  be  turned  in  the 
opposite  direction  through  X,  by  which  operation  the  index  for 
setting  in  polar  distance  (Art.  192)  will  be  made  to  point  to 
the  zero  of  the  graduation.  If  now  the  telescope  be  turned 
farther  in  the  same  direction  through  an  angle  equal  to  twice 
the  latitude,  it  will  point  below  the  north  horizon  by  an  angle 
equal  to  the  latitude,  and,  therefore,  in  the  direction  proper  for 
observing  by  reflection  an  object  at  the  Pole.  Then  in  order 
to  bring  the  bubble  into  mid-position  the  index  and  level  must 
be  moved  farther  in  the  same  direction  as  before  through  twice 
the  latitude.  Hence,  L  being  the  latitude,  if  a  second  index  be 
attached  to  the  level  so  as  to  be  farther  on  in  the  direction  of 
the  graduation  than  the  first  by  2L,  when  that  index  points  to 
zero,  the  bubble  being  in  mid-position,  the  telescope  will  point 
in  the  direction  proper  for  observing  by  reflection  an  object  at 
the  Pole.  The  same  index  will  serve  for  setting  for  the  reflec- 
tion observation  of  a  star  of  any  polar  distance ;  only  it  is  to  be 
noticed  that  the  setting  is  to  be  performed  as  if  the  polar 
distance  were  negative.  For  if  the  telescope  be  moved  to  a 
depression  below  the  north  horizon  greater  than  L  by  S,  that 
is,  if  it  be  set  for  the  reflection  observation  of  a  star  whose 
polar  distance  is  £,  the  new  index  will  have  to  be  moved  from 
the  zero  through  8  in  the  negative  direction  to  put  the  bubble 
in  mid-position.  In  accordance  with  the  above  explanations 
the  Cambridge  Mural  Circle  has  a  setting-circle  furnished  with 
two  indices,  movable  with  the  level,  and  separated  by  an 
interval  of  104°  26'  (=  2Z),  and  one  is  marked  for  use  in  direct 
observations,  and  the  other  for  use  in  reflection  observations. 

194.  But  in  the  use  of  that  instrument,  a  direct  and  a  re- 
flection observation  of  the  same  star,  one  quickly  after  the  other, 
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are  taken  in  the  same  meridian  transit  (by  a  method  which 
will  presently  be  indicated),  and  there  is,  consequently,  not 
sufficient  time  for  setting  between  the  observations  by  means 
of  the  setting-circle.  On  this  account  the  following  process  is 
adopted.  (See  Art.  164.)  Let  Z\>e  the  zenith  point  (inclusive 
of  pointer  reading),  obtained  as  stated  in  Arts.  189 — 191,  and 
in  Figure  38,  let  PZa  (=  S)  be  the  star's  polar  distance,  and 


PZ  (=X)  the  colatitude  of  the  Observatory.  0<r  is  the  line  of 
pointing  of  the  telescope  for  the  direct  observation,  and  Ocr' 
that  for  the  reflection  observation,  the  angle  Z0<r  being  equal 
to  the  angle  NO&'  by  the  law  of  reflection.  The  pointer  read- 
ing for  the  direct  observation  is  greater  than  that  for  the  zenith 
by  the  angle  Z0<r,  or  8  —  X,  and  is,  therefore,  equal  to  Z+  S  —  \ 
which,  if  A  be  put  for  the  constant  angle  Z  —  X,  becomes  A  +S. 
The  pointer  reading  for  the  reflection  observation  is  less  than 
that  for  nadir  point  by  the  angle  N0o't  or  8  —  X,  and  is,  there- 
fore, equal  to  180°  +  Z-  (8  -  X),  or  B-  S,  the  constant  B  being 
put  for  180°  +  ^  +  X.  In  general  the  pointer  reading  for  the 
direct  observation  is  obtained  by  adding  the  approximate  polar 
distance  to  the  constant  A  just  before  proceeding  to  make  the 
observation.  But  for  bodies  of  the  Solar  system,  the  motions 
of  which  are  given  by  ephemerides,  and  for  stars  which  are  to 
be  observed  directly  a  considerable  number  of  times,  it  is  ad- 
visable to  tabulate  for  use  the  values  of  A  +  S ;  and  in  all 
cases  of  stars  selected  for  frequent  observation  directly  and  by 
reflection  at  the  same  transit,  the  values  both  of  A  -f  8  and 
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B  —  8  should  be  calculated  beforehand,  and  tabulated  accord- 
ing to  the  approximate  right  ascensions. 

195.  According  to  what  is  stated  in  a  Note  to   Art.  34 
(p.  28),  the  use  of  a  polar  distance  index  may  be  dispensed  with, 
and  the  zenith  distance  index   be   used  in  its  place,  if  the 
setting-circle  be  turned  relatively  to  the  level  with  bubble  in 
mid-position  through  an  angle  equal  to  the  colatitude.     For 
instance,  let  the  telescope  be  pointed  to  the  zenith,  and  the 
bubble  be  in  mid-position,  so  that  the  zenith  distance  index 
points  to  zero  and  the  polar  distance  index  to  the  colatitude. 
To  make  the  former  index  indicate  polar  distance  when  the 
bubble  is  in  mid-position,  it  is  only  required  to  turn  the  zero 
of  graduation  through  an  angle  equal  to  the  colatitude  from 
the  northward  horizontal  direction  towards  the  vertical  direc- 
tion.    The  mechanical  construction  allows  of  this  being  readily 
done.      By  this  adjustment  the  radius  drawn  to  the  zero  from 
the  centre  of  the  setting-circle  makes 'an  angle  equal  to  the 
latitude  with  a  radius  drawn  parallel  to  the  axis  of  the  tele- 
scope towards  the  object-end.     After  this  alteration  the  setting 
is  performed  exclusively  by  the  zenith  distance  index.     In  the 
case   of   the   Cambridge    Transit-instrument,    which   had   two 
setting-circles,  the  change  of  the  place  of  zero  was  made,  in 
the  above  manner  in  each,  when  it  was  westward,  after  which, 
as  before,  either  circle  could  be  used  for  setting  when  OQ  the 
west  side  of  the  telescope  tube. 

196.  When,  however,  a  meridian  Instrument  has  two  set- 
ting-circles,  and,   as  in  the  instances  of  the  Greenwich   and 
Cambridge  Transit-Circles,  is  not  reversed,  the  second  one  may 
be  made  use  of  in  one  or  the  other  of  these  two  ways  :  either 
by  the  above-stated  arrangements  the  setting  for  polar  distance 
might  be  performed  in  exactly  the  same  manner  with  both,  in 
which  case  they  could  be  conveniently  used  for  setting  for  the 
direct  observations  of  two  objects  coming  in  quick  succession 
one  after  the  other ;.  or  the  second  circle  might  be  adapted  for 
setting  for  reflection  observations.     The  way  in  which  the  latter 
purpose  is  effected  by  the  eastern  setting-circle  of  the  Cam- 
bridge Transit-Circle  is  such  as  follows.    Suppose  the  telescope, 
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as  before,  to  point  at  first  to  the  zenith,  the  bubble  being  in 
mid-position,  and  of  the  two  indices  of  the  level  that  which  is 
northward  to  point  to  the  zero  of  the  graduation.  Then  let  the 
telescope  be  turned  from  the  zenith  northward  through  180°  — X, 
and  the  index  be  turned  in  the  opposite  direction  till  it  points 
to  180°  —  X  of  the  graduation.  The  bubble  will  thus  be  brought 
to  mid-position,  and  the  telescope  will  be  set  for  the  reflection 
observation  of  a  star  at  the  Pole.  After  this  there  are  two  ways  of 
proceeding.  The  circle  may  be  shifted,  every  thing  else  remaining 
the  same  (see  Art.  194),  either  so  as  to  bring  the  zero  of  the 
graduation  to  the  north  index,  or  so  as  to  bring  it  to  the  south 
index.  In  the  former  case  the  north  index  would  be  used  for 
the  setting,  which,  however,  must  be  performed  as  for  a  negative 
polar  distance,  or  for  a  star  sub  polo,  because  if  that  index  be 
moved  upwards  from  zero  through  an  arc  S  equal  to  the  polar 
distance,  the  depression  of  the  telescope  below  the  north  horizon, 
in  order  to  bring  the  bubble  to  mid-position,  has  to  be  increased 
by  S,  and  the  setting  is,  consequently,  that  required  for  the 
reflection  observation  of  a  star  whose  polar  distance  is  S.  In 
the  other  case,  the  south  index  would  have  to  be  used  for  the 
setting,  and,  as  in  the  ordinary  setting  for  a  direct  observation, 
the  movement  of  the  index  from  zero  will  be  downwards,  so  that 
the  setting  for  a  reflection  observation  by  the  south  index  of  the 
east  circle  is  performed  in  exactly  the  same  manner  as  the  setting 
for  a  direct  observation  by  the  north  index  of  the  west  circle, 

197.  The  rules  for  setting  the  telescope  having  been  laid 
down,  we  may  proceed  to  consider  the  different  processes 
employed  in  taking  Circle  observations.  For  the  direct  obser- 
vation of  a  star,  the  telescope  is  first  to  be  set,  according  to  the 
star's  polar  distance,  either  by  the  setting-circle  (Art.  192),  or  by 
the  pointer  directed  to  the  graduation-reading  A  +  §  (Art.  194), 
and  the  Circle  is  then  to  be  detained  by  the  clamp  of  that 
tangent-screw  which  will  be  most  conveniently  reached  when 
the  telescope  is  pointed  to  the  star.  Knowing  approximately 
the  right  ascension  of  the  star  and  the  error  of  the  clock,  the 
observer  knows  when  the  entrance  of  the  star  into  the  field  is 
to  be  looked  for,  and  the  setting  has  secured  that  the  direction 


192  PKACTICAL  ASTRONOMY. 

of  the  path  shall  be  nearly  across  the  middle  of  the  field. 
Then,  if  no  circumstances  prevent,  the  star  is  bisected,  just  as  it 
crosses  the  middle  one  of  the  five  vertical  wires,  by  the  fixed 
wire,  or,  if  there  is  no  fixed  wire,  by  the  micrometer-wire  jn  the 
reference  position,  the  bisection  being  effected  by  moving  the 
Circle  with  the  tangent-screw.  In  order  to  satisfy  the  con- 
dition mentioned  in  Art.  160,  of  always  performing  the  bisection 
by  turning  the  screw  in  the  direction  indicated  by  the  rough- 
ness of  the  milled  head,  if  the  star  should  not  enter  into  the 
half  of  the  field  suitable  for  this  operation,  it  has  previously  to 
be  placed  in  that  half  by  means  of  the  tangent-screw.  The 
Circle-reading  is  then  to  be  taken  (Arts.  180  and  181),  and 
this  completes  the  instrumental  process. 

198.  If  it  should  happen  that  the  bisection  is  not  made 
when  the  star  is  on  or  very  near  the  middle  wire,  the  place  of 
bisection  is  recorded  by  stating  its  distance  from  that  wire  in 
integer  wire-intervals  and  fraction  of  an  interval,  and  prefixing 
a  minus  or  plus  sign  according  as  the  bisection  was  made 
before  or  after  passing  the  mid-wire.  This  is  done  for  the 
purpose  of  calculating  a  correction  for  the  curvature  of  the  path 
of  the  star  in  the  field,  to  be  applied  to  the  Circle-reading  to 
reduce  it  to  what  it  would  have  been  if  the  star  had  been 
bisected  when  on  the  meridian.  This  mode  of  indicating  the 
place  of  bisection  is  sufficiently  accurate  if  the  plane  of  collima- 
tion  of  the  telescope  has  been  well  adjusted  mechanically  to 
the  plane  of  the  meridian  by  the  methods  explained  in  Arts. 
168 — 174,  and  if  the  curvature  of  the  star's  path  be  small.  But 
for  observations  of  stars  near  the  Pole,  as  especially  Polaris, 
B  Ursse  Minoris,  and  51  (Hev.)  Cephei,  and  generally  for 
observing  with  precision  a  star,  the  curvature  of  whose  path  is 
considerable,  the  following  process  should  be  adopted.  The 
clock-time  of  making  the  bisection  should  be  set  down,  and 
then  by  knowing  approximately  the  error  of  the  clock  and  the 
star's  right  ascension,  the  hour  angle  from  the  meridian  can  be 
calculated.  From  this  datum  (which  may  be  supposed  to  be 
accurate  to  within  two  or  three  seconds),  and  from  the  polar 
distance  of  the  star,  the  correction  for  curvature  of  path  can 
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be  derived  with  accuracy  by  formulae  investigated  in  the  next 
paragraph.  If  the  R  A.  of  the  stars  be  not  known  by  contem- 
poraneous transit-observations,  they  may  be  immediately  in- 
ferred, in  the  instances  of  stars  contained  in  the  Catalogue  of 
the  Nautical  Almanac,  from  apparent  R.  A.  computed  in  that 
work,  but  in  other  cases  they  will  have  to  be  approximately 
deduced  from  mean  R.  A.  given  in  standard  catalogues. 

199.  The  above-mentioned  formulas  for  calculating  cor- 
rections for  curvature  of  path  are  obtained  as  follows.  In 
Figure  39,  P  is  the  pole,  the  arc  PNS  is  in  the  plane  of  the 


meridian,  o-  is  the  place  of  the  star  when  its  image  is  bisected, 
and  the  bisecting  wire,  being  straight  and  horizontal,  is  pro- 
jected into  a  great  circle  of  which  o-N  perpendicular  to  PS  is  a 
part.  The  dotted  arc  <rS  is  part  of  the  star's  diurnal  path,  so 
that  PS  is  equal  to  Pa-  the  polar  distance.  Hence,  since  the 
projection  of  the  wire  cuts  the  meridian  at  N  instead  of  $,  the 
error  to  be  corrected  is  N8.  Let  NS  =  e,  Per  =  S,  <rN  =  D,  and 
Zo-PN  (in  time)=£,  this  hour-angle  being  obtained  in  the 
manner  stated  in  Art.  198.  Then  since  PN  =  S  —  e,  the  right- 
angled  triangle  PNcr  gives 

cos  (8  —  e)  —  cos  8  sec  D, 
and  tan  (S  -  e)  =  tan  8  cos  I5t. 

The  first  of  these  equations  is  applicable  to  observations  of 
stars  not  near  the  Pole,  D  being  the  noted  interval  of  the  place 
of  bisection  from  the  mid-wire.  Supposing,  as  is  usually  very 
nearly  the  case,  the  wire-intervals  to  be  all  equal,  and  the 
common  equatorial  interval  in  time  to  be  r*,  then  if  m  =  the 
distance  of  the  star  from  mid-wire,  recorded  as  stated  in  Art. 
c.  13 


194  PRACTICAL  ASTRONOMY. 

198,  we  shall  have  D  (in  arc)  =  15mr.     As  this  is  a  small  arc, 

D2 

sec  D  =  1  +  ^-™  nearly,  R  being  the  number  of  seconds  in  an 


arc  equal  to  radius,  and  since  e  is  very  small, 

cos  (8  —  e)  =  cos  8  +  -~  sin  8  nearly. 

Putting,  for  the  sake  of  convenience  in  the  sequel,  the  com- 
plement of  the  declination  A  for  S,  we  obtain,  with  sufficient 
approximation, 


5  =  £g«  tan  A,  or  e  =  ^j^  tan  A  =  [6,73672]  mV2  tan  A. 

In  the  instance  of  the  Telescope  of  the  Cambridge  Circle 
T  =  16*,6,  and  the  formula  employed  is 

6  =  0",1503  x  ??iatanA. 

200.  The  second  of  the  above  equations  is  applicable  to 
the  case  of  those  observations  of  stars  near  the  Pole  which  are 
accompanied  by  determinations  of  the  hour-angle  t.  This 
equation  gives  the  exact  result 

sin  28  sin2  -^- 
tan  e  =  — — — - rr- . 


Hence,  putting  -=  for  tan  e,  neglecting  the  second  term  in 

the  denominator,  which  for  circumpolar  stars  will  always  be 
very  small  compared  to  unity,  and  substituting  90°  —  A  for  8, 
there  results  the  sufficiently  approximate  formula 

e  =  E  sin  2A  sin2  -^  =  [5,31443]  sin  2A  sin2  ^ . 

A  2t 

Let  us  now  suppose  the  declination  A  to  be  increased  by 
the  small  arc  n,  and,  in  consequence,  e  to  be  changed  to  e. 
Then,  for  a  given  value  of  t,  we  get  by  differentiation 

e  =  e  +  2n  cos  2 A  sin2  ~  =  (R  sin  2 A  +  2n  cos  2A)  sin2  ^ . 
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For  examples,  let  A  =88°.  40'  +  n"  for  Polaris,  and  A  = 
86°.  36'  +  n"  for  8  Ursso  Minoris.     Then  the  formula  gives 

Cor.  for  Polaris  ...........  {[3,98212]  -  [0,30056]  x  n}  sin2  ~. 


Cor.  for  8  Ursse  Minoris...  {[4,38780]-  [0,29796] 


x  n 


These  formulae  are  calculated  for  the  year  1879,  and  might, 
for  hour  angles  not  exceeding  6"1,  be  used  for  two  years  before 
and  after  that  date. 

201.  The  foregoing  investigation  gives  formulae  for  calcu- 
lating the  amount  of  the  correction  without  respect  to  its  sign. 
The  proper  sign  is  affixed  according  to  rules  derived  as  follows. 
The  telescope,  when  pointed  to  an  object  between  the  pole  and 
the  equator  at  a  little  distance  from  the  meridian,  is  turned,  by 
reason  of  curvature  of  path,  more  towards  the  pole  than  when 
the  object  is  on  the  meridian  ;   the  Circle-reading  is  conse- 
quently too  small,  and  the  sign  of  the  correction  is  plus.     If  the 
object  is  either  below  the  equator,  or  below  the   pole,   the 
telescope  for  the  same  reason  is  turned  farther  from  the  pole 
than  for  bisection  on  the  meridian,  so  that  the  Circle-reading 
is  too  great,  and  the  sign  of  the  correction  is  minus. 

202.  We  have,  next,  to  consider  in  what  manner  Circle- 
observations  of  the  zenith  distances  of  stars  are  made  by  means 
of  reflection  at  the  surface  of  mercury.     As  such  an  observation 
is  almost  always  accompanied  (for  a  reason  that  will  be  given 
afterwards)  by  the  direct  observation,  I  shall  state  at  once  the 
method  of  taking  what  is  called  the  double  observation.    At  the 
Greenwich  Observatory  under   Pond's   direction,   two   Circles 
exactly   alike,   named   from   their   makers    "Troughton"   and 
"Jones,"  were  handled  by  two  observers  for  this  purpose,  one 
observing  directly  and  the  other  by  reflection,  and  the  difference 
of  the  index  errors  of  the  two  instruments  had  to  be  very 
exactly  determined.  The  present  Astronomer  Koyal  introduced, 
first,  at  Cambridge  in  1833,  and  adopted  at  Greenwich  in  1839, 
the  practice  of  taking  both  observations  with  a  single  Circle  at 
the  same  meridian  Transit  by  the   following  process.      The 
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Circle  is  first  set  and  clamped  for  the  reflection  observation, 
according  to  a  prepared  pointer  reading  (Art.  193),  and  the 
setting,  if  carefully  performed,  secures  that  the  image  of  the 
star  shall  cross  the  field  not  far  from  the  centre.  Also  the 
mercury-trough,  which  is  usually  of  wood,  and  of  rectangular 
form  with  the  longer  side  north  and  south,  has  to  be  placed  so 
that  the  light  from  the  star  falls  near  the  middle  part  of  the 
surface  of  mercury.  This  may  be  done  in  day-time  by  placing 
the  trough  where  the  light  of  the  sky  through  the  eye-piece  is 
seen  reflected  at  that  part,  while  at  night-time  light  from  the 
illuminating  lamp  is  sent  back  from  the  eye-end  in  sufficient 
quantity  to  be  used  for  the  same  purpose.  The  bisections  of 
the  graduation-lines  by  the  cross- wires  of  the  microscopes  are 
next  made,  but,  as  the  observation  may  fail,  are  not  usually 
read  off;  after  which  the  star,  as  it  crosses  the  field,  is  bisected 
by  the  micrometer-wire  one  or  two  intervals  before  passing  the 
mid-wire,  in  order  that  the  reflection  observation  may  be  made 
when  the  star  is  at  about  the  same  distance  from  the  mid-wire 
on  the  opposite  side.  That  this  may  be  successfully  done,  the 
Circle  is  undamped  immediately  after  the  reflection-observa- 
tion, is  then  quickly  set  and  clamped  for  the  direct  observation 
according  to  a  prepared  pointer  reading,  and  lastly  by  means  of 
the  tangent-screw  the  star  is  bisected,  if  there  is  a  fixed  wire, 
either  by  the  fixed  wire  or  the  micrometer-wire,  otherwise  of 
necessity  by  the  micrometer- wire.  The  intervals  between  the 
places  of  the  two  bisections  and  the  mid -wire,  being  fresh  in 
memory,  should  next  be  recorded.  The  microscope-readings 
for  the  reflection  observation  are  now  written  down,  if  omitted 
before,  new  bisections  for  the  direct  observation  are  made  and 
recorded,  and  the  micrometer  is  read  off.  This  completes  the 
operation.  In  the  case  of  a  Transit-Circle  which  has  two  setting- 
circles  and  is  not  reversed,  the  settings  for  the  double  observa- 
tion would  be  performed  by  the  two  circles  in  the  manner 
indicated  in  Art.  195,  the  telescope  being  pointed  for  the  re~ 
flection  observation  by  the  east  circle  after  preparing  the  west 
circle  for  the  subsequent  direct  observation.  It  remains  to 
remark  respecting  observations  by  reflection,  that  the  trough 
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ought  to  be  placed  on  a  solid  basis  of  brickwork  or  masonry, 
and  to  be  screened  from  wind,  in  order  that  the  surface  of 
mercury  may  be  as  free  as  possible  from  tremor ;  also  that  for 
obtaining  satisfactory  reflections  the  surface  has  frequently  to  be 
cleared  of  dross  and  dust.  This  is  found  to  be  -  effectually  done 
by  passing  the  mercury  through  a  small  hole  in  the  side  or 
bottom  of  a  containing  trough  or  vessel  into  the  trough  used  for 
the  observations. 

203.  The  correction  for  curvature  of  path  is  plainly  the 
same  in  amount  for  the  reflection,  as  for  the  direct,  observation, 
at  the  same  distance  from  the  mid-wire,  but  has  always  the 
opposite  sign,  the  reason  for  which  will  be  seen  by  remarking 
that  the  error  of  position  of  the  telescope  due  to  this  cause  is 
in   opposite   directions  in  the  two   observations   relatively  to 
the  order  of  a  graduation  proceeding  from  0°  to  360°.     (See 
Art.  201.) 

204.  The  interval  between  the  place  of  bisection  and  the 
mid-wire,  which,  except  for  small  polar  distances,  may  be  taken 
to  be  the  distance  from  the  meridian,  has  to  be  noted  in  every 
instance  of  the  bisection  of  a  moving  body  out  of  the  meridian, 
for  calculating,  as  well  as  the  correction  for  curvature  of  path, 
an  additional  correction  for  change  of  polar  distance.     As  this 
change  may  in  all  cases  be  assumed  to  be  proportional  to  the 
time-interval  between  the  bisection  and  meridian -passage,  let 
m  be  the  space-interval  between  the  place  of  bisection  and  the 
mid-wire,  as   recorded  in   wire-intervals,  and  T*  the  common 
equatorial  interval  between  the  wires ;  then  if  A  be  the  decli- 
nation of  the  body,  and  /'  its  horary  change  of  declination, 
derived  either  from  the  Nautical  Almanac  or  from  actual  obser- 
vation, the  correction  in  amount  will  be  m  ^      —  x  /'.     If  the 
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polar  distance  be  increasing,  or  the  value  of  /'  in  the  Nautical 
Almanac  be  negative,  the  Circle-reading  is  too  small  if  the 
bisection  be  made  before  meridian  passage,  and  too  great  if 
made  after,  so  that  in  the  former  case  the  sign  of  the  correction 
is  plus,  and  in  the  other,  minus.  If  the  polar  distance  be  de- 
creasing, or  /'  in  the  Nautical  Almanac  be  positive,  the  sign  is 
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minus  before  meridian  passage  and  plus  after.  Consequently 
if  m  be  the  interval  recorded  with  sign  attached,  as  stated  in 
Art.  198,  and  the  sign  of  /'  be  taken  as  in  the  Nautical  Alma- 
nac, the  above  expression  gives  the  correction  in  all  cases  with 
its  proper  sign1. 

205.  The  Sun,  Moon,  and  Planets,  on  account  of  the  forms 
of  their  disks,  require  special  modes  of  observation,  the  several 
descriptions  of  which  are  here  subjoined.  For  observing  the 
Sun,  either  the  North,  or  the  South  Limb,  is  first  to  be  set  for 
according  to  a  pointer  reading  derived,  to  the  accuracy  of  about 
1',  from  the  Declination  of  centre  and  semi-diameter  given  in  the 
Nautical  Almanac ;  next,  the  Circle  being  (not  forcibly)  clamped, 
the  microscope-bisections  are  made,  but  need  not  be  read  off; 
then  the  Limb  is  tangentially  bisected  by  the  micrometer-wire  a 
little  before  the  meridian  passage  of  centre,  immediately  after 
which  the  Circle  is  undamped  and  turned  by  hand  till  the 
image  of  the  other  Limb  is  placed  near  the  middle  of  the  field, 
and  this  Limb,  after  again  clamping,  is  bisected  tangentially, 
either  by  the  fixed  wire  or  the  micrometer-wire,  by  means  of 
the  usual  tangent-screw  movement  (Art.  160).  The  Circle- 
reading  for  the  former  observation,  if  not  already  recorded,  is 
now  written  down,  fresh  microscope-bisections  are  made  and 
read  off  for  the  second  observation,  and  lastly  the  micrometer- 
reading  is  recorded.  Generally  the  second  observation,  like 
the  first,  may  be  made  when  the  Sun's  centre  is  at  a  small 
distance  from  the  meridian,  and  it  might,  therefore,  not  be 
worth  while  to  state  the  distances.  It  would,  however,  be  more 
exact  always  to  bisect  a  Limb  tangentially  just  when,  according 

1  In  Volume  xvii.  of  the  Cambridge  Observations,  for  the  years  1846 — 1848, 
pp.  Ixvi. — Ixviii.,  are  given,  together  with  others,  two  Tables  (iv.  and  v.),  one  of 
which  is  adapted  for  calculating  by  interpolation  the  correction  for  curvature  of 
path  for  all  declinations  from  5°  to  78°.40',  and  for  every  quarter  of  a  wire- 
interval  from  £  to  4f ;  and  the  other,  which  is  computed  to  four  places  of 
decimals,  for  calculating  by  interpolation  the  change  of  declination,  for  one 
interval,  for  all  horary  variations  from  V  to  10",  and  multiples  or  submultiples 
of  the  same  by  10,  and  for  all  declinations  from  0°  to  40°,  the  equatorial  interval 
being  16S,6.  Such  tables  shorten  to  an  important  amount  the  time  occupied  in 
reducing  a  continuous  series  of  Circle  observations. 
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to  the  judgment  of  the  eye,  it  is  cut  symmetrically  by  one  of 
the  vertical  wires,  and  to  note  the  wire  for  the  purpose  of  cal- 
culating corrections  for  reducing  the  observation  to  the  meridian. 
The  operations  above  detailed,  together  with  the  calculation  of 
corrections  for  distances  of  the  bisections  from  the  meridian, 
and  the  reduction  in  arc,  according  to  the  rules  given  in  Art. 
184,  of  the  micrometer-reading  to  the  reference  position,  or  to 
the  fixed  wire,  furnish  two  Circle-readings,  one  applicable  to  the 
North  Limb,  and  the  other  to  the  South  Limb.  The  mean 
between  these  is  the  Circle-reading  for  the  Sun's  centre,  and 
their  difference  is  a  measure  of  the  Sun's  diameter,  both  deter- 
minations involving,  to  an  amount  which  will  afterwards  be 
taken  into  consideration,  effects  of  atmospheric  refraction. 

206.  From  the  above  description  of  the  mode  of  taking  an 
observation  of  the  Sun  with  the  Mural  Circle,  it  will  be  seen 
that  on  account  of  the  Sun's  large  diameter  it  might  be  practi- 
cable for  one  observer,  without  assistance,  to  observe  transits  of 
the  first  and  second  Limbs,  and  bisect  the  North  and  South 
Limbs  between  the  transits,  at  the  same  meridian  passage  if  the 
Transit-instrument  and  Circle  be  in  contiguous  rooms.  This, 
in  fact,  was  occasionally  done  at  the  Cambridge  Observatory. 
The  two  meridional  observations  may  also  be  made  simul- 
taneously with  a  Transit-circle,  but  only  with  the  aid  of  an 
assistant  for  making  and  recording  the  first  set  of  microscope- 
bisections  and  making  (without  recording)  the  second  set,  in 
the  interval  between  the  transit-observations  of  the  first  and 
second  Limbs.  In  the  use  of  the  Greenwich  Transit-circle  for 
the  same  purpose,  the  observer  is  aided  by  two  assistants,  who 
make  and  read  off  bisections  with  the  microscope-micrometers, 
the  observer  himself  reading  off  the  telescope-micrometer.  By 
these  means,  when,  besides,  "  the  transits  are  made  by  galvanic 
touch  (Art.  131),  it  is  found  perfectly  easy  to  take  those  of  the 
first  and  second  Limbs  over  nine  wires,  still  leaving  time  enough 
for  the  observations  of  both  Limbs  in  N.  P.  D."  (See  Greenwich 
Observations  for  1874,  p.  ix.)  It  may  here  be  remarked  that 
according  to  Greenwich  arrangements  there  are  two  clamps, 
acting  one  on  the  North  side,  and  the  other  on  the  South  side, 
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of  a  clamping  circle,  but  they  have  no  slow  motion,  all  bisections 
of  a  limb  or  star  being  made  with  the  micrometer-wire  by 
turning  its  screw.  By  this  process  errors  that  might  arise  from 
deformation  of  the  Circle  are  avoided. 

207.  In  observations  of  the  Moon,  it  is  the  practice,  on 
account  of  the  generally  rapid  change  of  polar  distance,  to 
apply  the  micrometer-wire  to  the  Limb  at  each  of  the  vertical 
wires,  or  at  other  positions,  and  to  record  the  micrometer-reading 
and  position  immediately  after  each  bisection.  The  several 
observations  have  then  to  be  corrected  for  micrometer-reading, 
and  for  distance  from  the  meridian  according  to  rules  already 
given  (Arts.  184,  199  and  204),  and  the  mean  of  the  several 
results  is  the  concluded  Circle-reading.  It  is,  however,  to  be 
remarked  that  although  in  the  expression  given  in  Art.  204  for 
the  correction  on  account  of  change  of  declination,  the  time- 
interval  between  the  bisection  and  meridian  passage  is  with 
sufficient  accuracy  mr  for  the  Sun  and  Planets,  in  the  case  of 
the  Moon  this  quantity  has  to  be  multiplied  by  two  factors 
sensibly  affecting  the  result,  one  on  account  of  the  retardation 
of  the  diurnal  motion  by  the  Moon's  motion  in  her  orbit,  and 
the  other  on  account  of  retardation  due  to  parallax.  The  two 
factors,  which  have  already  been  obtained  in  Arts.  123  and  124, 
are  respectively 

3600  ,   sin(Z-e-p) 

3600  -  /  £  sin  (Z-  e)     ' 

and  consequently  the  complete  expression  for  correction  to  the 
meridian  in  observations  of  the  Moon  is 

T  3600        s'm(Z-6-p) 

X  3600  X  3600  -  /  X  ~lm~(Z~e)     ' 

T  as  well  as  I  being  taken  from  the  horary  variations  given  in 
the  Nautical  Almanac  under  the  head  of  Moon-culminating 
stars.  The  Local  Zenith  Distance  Z,  contained  in  this  expres- 
sion and  in  the  formula  obtained  in  Art.  124  for  calculating  p, 
may  be  readily  deduced,  to  the  accuracy  of  1',  from  the  differ- 
ence between  the  Circle-readings  for  Zenith  Point  and  the 
bisection  of  the  Limb,  corrected  by  a  prepared  Table  of  approxi- 
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mate  refractions  with  zenith  distance  for  argument.  The 
above-mentioned  formula,  after  putting  p  and  P  for  their  sines, 
and  unity  for  p,  becomes  p  =  P  sin  (%  —  e),  which  is  sufficiently 
approximate1.  Also  by  expanding,  and  neglecting  terms  in- 
volving e2,  ep,  &c.,  it  will  be  found  that 

sin  (Z—e—p]      sm(Z-p)       TT          «     ,, 

— 71— ^ *-£  = -. — —^ .     Hence  finally 

sin  (Z  —  e)  sm  Z 

T,     rar  sec  A      sin  of  D's  Geoc.  Zen.  Dist. 
Correction  =  I  x  —         —  r  x 


3600  - 1     sin  of  })  s  Local  Zen.  Dist.  ' 

which  formula  is  used  at  Greenwich  and  Cambridge,  having 
been  originally  proposed  by  the  Astronomer  Royal  when  at 
Cambridge. 

208.  In   the   use    of  the   Transit-circle,  a  transit   of  the 
Moon's  first  Limb  may  be  observed,  and  different  bisections  of 
the  full  North  or  South  Limb  be  made  in  the  manner  described 
in  Art.  207,  by  a  single  observer  at  the  same  meridian  passage. 
So  also  if  the  full  North  or  South  Limb  be  carefully  set  for, 
and  the  microscopes  be  read  beforehand,  the  different  micro- 
meter-bisections of  the  Limb  may  be  made  and  recorded,  and  a 
transit  of  the  second  Limb  be  taken,  by  one  observer.     When  it 
happens  either  that  the   first  and  second  Limbs,  or  that   the 
North  and  South   Limbs,  are  both  sufficiently  illumined   for 
observation,  in  the  former  case  transits  of  the  two  Limbs  and  a 
Circle-reading  for  one  Limb,  and  in  the  latter  a  transit  of  one 
Limb  and  Circle-readings  for  the  two  Limbs,  may  be  obtained 
with  the  aid  of  one  assistant,  as  will  be  seen  from  the  account 
given  in  Art.  206  of  the  method  of  observing  the  Sun  with  a 
Transit-circle. 

209.  The  Circle-observation  of  a  Planet  which  has  a  con- 
siderable disk  is  made  by  bisecting  the  North  or  South  Limb 
with  the  fixed  wire  by  tangent-screw  movement,  generally  as  it 
passes  the  mid-wire,  and  bisecting  at  the  same  time  the  other 

1  This  is  also  true  with  respect  to  the  calculation  of  parallax  mentioned  in 
Art.  124  (p.  115).  It  is  incorrectly  said  there  that  p  and  P  should  not  be 
substituted  for  their  sines,  this  rule  applying  only  when  an  exact  value  of  the 
Moon's  parallax  is  required. 
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Limb  with  the  micrometer-wire.  The  Circle-readings  for  the 
two  bisections,  obtained  according  to  rules  already  indicated, 
give  by  their  mean  the  Circle- read  ing  for  bisection  of  the 
Planet's  centre,  and  by  their  difference  a  measure  of  its 
diameter.  The  same  results  may  be  arrived  at,  if  there  should 
be  no  fixed  wire,  by  bisecting  alternately  an  equal  number  of 
times  the  North  and  South  Limbs  by  the  micrometer-wire,  and 
recording  the  several  places  of  bisection  and  micrometer- 
readings.  From  these  data  the  Circle-reading  for  each  bisection 
has  to  be  reduced  in  the  usual  way  to  meridian  passage,  and 
then,  after  inferring  the  mean  of  the  results  for  each  Limb,  the 
concluded  Circle-reading  for  centre  is  the  mean  between  the 
two  means,  and  their  difference  measures  the  diameter.  The 
Circle-observations  of  Jupiter,  the  globe  of  Saturn,  Mars,  and 
Venus  are  conducted  as  above  stated  ;  those  of  the  other  planets, 
inclusive  generally  of  Mercury,  are  made  by  simple  bisections 
of  their  estimated  centres.  When  the  observation  is  made  by 
bisections  of  opposite  Limbs,  it  is  often  required  to  correct  the 
inferred  Circle-reading  for  centre,  and  the  measure  of  the 
diameter,  for  form  of  the  illumined  disk,  both  when  the  disk  is 
horned  and  when  it  is  gibbous.  We  have,  therefore,  in  the 
next  place  to  enquire  how  such  correction  is  calculated. 

210.  The  investigation  contained  in  Art.  113,  and  applied 
in  obtaining  a  formula  for  correcting  for  defect  of  illumination 
in  transit-observations  of  a  gibbous  disk,  will  serve  for  the 
present  purpose,  whether  the  disk  be  horned  or  gibbous.  It 
will,  first,  be  supposed  that  the  disk  is  horned,  which  can  be  the 
.case  only  in  the  instances  of  Venus,  Mercury,  and  the  Moon. 
The  observation  of  Venus  is  not  unfrequently  made  by  bisec- 
tions of  a  Limb  and  the  opposite  cusp ;  but  this  process  is 
rarely  employed  in  observing  Mercury  (see  Art.  209)  and  the 
Moon.  The  following  investigation  of  the  correction  required 
in  the  case  of  a  horned  disk  applies  equally  to  the  three  bodies. 
In  Figure  26  (1),  the  arcs  PS  (  =  A)  and  PV  (  =  d)  are  re- 
spectively the  polar  distances  of  the  Sun  and  the  observed 
body,  and  the  angle  SPV  (=P)  is  the  difference  of  their  Right 
Ascensions,  at  the  given  time  of  observation.  Thesa  three 
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quantities  may  be  supposed  to  be  derived  from  the  Nautical 
Almanac.  The  angle  6  between  the  arc  of  the  meridian  through 
the  centre  and  the  line  joining  the  cusps  (Fig.  26  (2))  is  equal 


(5) 


to  90°  —  Z  PVS.  Hence  from  a  known  formula  of  Spherical 
Trigonometry,  which,  according  to  the  usual  notation,  is 

cot  a  sin  6  =  cot  A  sin  C  +  cos  6  cos  (7, 
we  derive,  mutatis  mutandis, 

tan  6  =  cot  A  sin  S  cosec  P  —  cos  8  cot  P, 

from  which  equation  6  is  to  be  calculated.  Then  if  2D0  be  the 
full  diameter  of  the  body,  and  D  be  the  difference  of  zenith 
distance  measured  by  the  observation  (inclusive  in  the  case  of 
the  Moon  of  a  small  correction  for  refraction),  we  shall  have 

D  =  DV  +  Vn  (by  Fig.)  =  D0  +  A  cos  e  =  2 A  cos2 1 .     Hence 

D          ft 
DQ  =  —  sec2  £  i  which  is  the  semi-diameter  as  deduced  from  the 

observation,  and  the  required  amount  of  the  correction  of  Z)  is  2Z>0 
f\ 

—  Z>,  or  D  tan2  ^  •  Also  the  local  zenith  distance  of  centre  is 
obtained  from  that  of  the  full  Limb  (calculated  as  will  be  sub- 
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r\  A 

sequently   shewn),  by  applying  the  correction  +  —  sec2  -  ,  ac- 

—         '- 

cording  as  the  Limb  is  the  upper  or  lower  one. 

211.  In  Art.  113  it  has  been  shewn  that  if  R  and  r  be 
respectively  the  tabular  distances  of  the  Earth  and  the  observed 
body  from  the  Sun,  and  e  be  the  eccentricity  of  the  elliptic 

boundary  of  illumination  in  the   case  of  a  gibbous  disk,  the 
-p 

value  of  e  is  —  sin$F.     But  by  the  spherical  triangle  SPY, 
sinSV_smSPV  m         .     CT/.  _  sin  A  sin  P 

r>  a  —     •       D  T  7"  CY  j    ^^*  Sin  O  V  —  /»  -  . 

sm  PS     srnPVS  '  cos  0 

R  sin  A  sin  P 


,T 

Hence  e  = 


—  z 
r  cos  6 


Now  suppose  the  angle  &  to  be  derived  from  the  equation 
sin  &  —  e  sin  0,  which  equation,  by  substituting  the  above  value 
of  e,  and  putting  for  tan  6  the  expression  obtained  in  Art.  210, 

R 

becomes  sin  &  =  —  (cos  A  sin  8  —  cos  8  sin  A  cos  P),  giving  the 

value  of  &  in  known  quantities.  Hence  the  value  of  the  per- 
pendicular Vn  on  the  tangent  en  (Fig.  26  (3)),  which,  by  Conic 
Sections,  is  equal  to  DQ  cos  6',  can  be  calculated.  Then,  as  & 
simply  takes  the  place  of  6,  the  inferences  relating  to  a  gibbous 
disk  are  precisely  analogous  to  those  obtained  at  the  end  of 
Art.  210  relative  to  the  horned  disk. 

212.  When,  as  is  most  frequently  the  case,  the  Moon  is  gib- 
bous, the  calculation  of  &  may  be  simplified  in  a  manner  like 
that  indicated  in  Art.  115  with  reference  to  a  transit  observation 

7} 

of  opposite  Limbs.     As  there  shewn,  —  =  1,  and  e  =  sin  SV 

nearly.  Hence,  if  S'M  be  the  arc  joining  M  the  Moon's 
centre  and  S'  the  point  opposite  the  Sun's  centre,  so  that  SV  = 
180°  -  S'M,  it  follows  that  e  =  sin  (180°  -  S'M)  =  sin  S'M,  and 
sin  &  —  sin  S'M  sin  6.  Since,  therefore,  in  this  kind  of  observa- 
tion S'M  is  always  a  small  arc,  we  have  nearly  0'  =  S'M  sin  Q  — 
MNin  Fig.  26  (5).  Thus  to  obtain  &  with  sufficient  approxi- 
mation, it  is  only  required  to  find  the  difference  of  the  polar 
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distances  of  the  Moon  and  the  point  opposite  the  Sun  at  the 
time  of  the  Moon's  transit.  The  upper  or  lower  Limb  is  defective 
according  as  the  polar  distance  of  the  Moon's  centre  is  greater 
or  less  than  that  of  the  point  opposite  the  Sun's  centre. 

213.  It  is  evident  from  Figure  26,  (1)  (2)  and  (3),  that  the 
lower  or  upper  Limb  is  defective  according  as  the  angle  PVS  is 
less  or  greater  than  90°,  or  according  as  6  is  positive  or  negative, 
and  that  this  rule  is  applicable  both  to  a  horned  and  a  gibbous 
disk.     Hence  from  the  expression  for  tan  6  in  Art.  210  we  may 
infer  that  the  lower   or   upper  limb  is  defective  according  as 
cot  A  tan  B  is  greater  or  less  than  cos  P. 

214.  For   observing  with  the   Cambridge  Circle  asteroids 
and  small  stars,  when  they  were  too  faint  to  admit  of  illumina- 
ting the  field  sufficiently  for  bisections  with  a  fine  wire,  a  broad 
rectangular  metal  bar  was  attached  (in  September  1853)  to  the 
east  side  of  the  frame  carrying  the  micrometer-wire,  with  an 
edge  parallel  to  this  wire  and  distant  from  it  nearly  10r  in  the 
direction/rom  the  micrometer-head,  and  a  vertical  edge  nearly  co- 
incident with  the  middle  vertical  wire.  A  faint  object  could  then 
be  bisected  by  the  edge  of  the  bar  with  very  little,  and  some- 
times without  any,  illumination  of  the  field  by  the  lamp.  Under 
these  circumstances,  suppose  the  micrometer  to  be  read  for  a 
bisection  by  the  bar  just  as  if  the  micrometer- wire  were  in  the 
place  of  the  bar-edge,  and,  M  being  such  reading,  let  B  and   W 
be  respectively  the  readings  for  coincidence  of  the  bar  and  wire 
with  ihefaed  wire  at  an  interval  from  mid-wire  equal  to  that 
of  the  object  when  bisected.     Of  these  readings   W  is  usually 
known  already  (see  Art.  184),  and  B,  if  not  known,  should  be 
taken  immediately  after  the  observation.    Now  the  micrometer- 
reading  for  the  actual  position  of  the  micrometer-wire  when 
the  bar-bisection  was  made,  is  plainly  M  +  10r,  and,  by  inference, 
the  reading  for  bisection  of  the  object,  if  made  by  the  micro- 
meter-wire, would  have  been  M  +  10r  —  (B  —  W).     Hence  the 
correction  to  be  added  to  the  recorded  reading  M,  for  reduction 
to  the  wire-bisection,  is  the  algebraic  excess  of  10r  above  the 
measured  interval  B  —  W  between  the  wire  and  bar-edge.  After 
applying  this  correction,  the  reduction  to  the  fixed  wire  for 
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micrometer-reading  is  made  in  the  usual  way.  It  may  be 
observed  that  the  use  of  the  fixed  wire  for  the  purpose  above 
mentioned  might  be  superseded  by  measures  of  the  interval 
between  the  bar-edge  and  micrometer-wire  obtained  from 
time  to  time,  at  the  vertical  wires,  by  bisecting  with  each  a 
meridian  mark,  or  point  of  a  collimator.  The  interval  at  other 
positions  might  then  be  obtained  by  interpolation. 

Finding  that  the  bisection  of  a  faint  object  by  the  edge  of 
a  bar  is  rendered  uncertain  by  the  diffraction  of  the  light,  I 
adopted  the  method  of  placing  the  edge,  by  micrometer-move- 
ment, as  exactly  as  possible  in  a  line  with  the  path  of  the 
object  just  before  its  arrival  at  the  mid-wire,  or  the  vertical 
edge.  By  noting  simultaneously  the  clock-time  of  the  transit  at 
the  edge,  an  approximate  Right  Ascension  of  the  object  might 
also  be  obtained,  which,  in  taking  Circle- observations  of  faint 
objects,  as  the  asteroids,  is  often  required  for  the  purpose  of 
identifying  them. 

Calculation  of  Local  Zenith  and  Polar  Distances. 

215.  The  difference  between  the  Circle-reading  for  the 
direct  observation  of  any  object  and  that  for  Zenith  Point,  gives 
the  apparent  Zenith  Distance  of  the  object  northward  or 
southward.  As  inferred  from  a  reflection  observation,  the  same 
zenith  distance  is  the  difference  between  the  Circle-reading  for 
the  observation  and  that  for  the  Nadir  Point.  The  arc  so 
measured  is  called  apparent  zenith  distance,  because  its  value 
involves  the  amount  by  which  the  zenith  distance  is  diminished 
by  atmospheric  refraction.  The  calculation  of  this  effect  of 
refraction  is  usually  performed  according  to  Bessel's  Refraction 
Tables,  which  are  contained  in  pages  538 — 542  of  the  Tabulce 
Regiomontance,  and  are  founded  on  an  investigation  resting  on 
Laplace's  solution  of  the  Problem,  given  in  pages  lix. — Ixiii.  of 
the  same  work.  The  data  required  in  using  these  Tables  are, 
the  height  of  the  Barometer,  the  temperature  of  the  external  air, 
the  temperature  of  the  mercury  of  the  Barometer,  and  the 
above-defined  apparent  zenith  distance  as  general  argument. 
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The  readings  of  the  Barometer  and  Thermometers  are  recorded, 
if  not  at  each  observation,  frequently  enough  to  take  account  of 
all  changes  that  might  sensibly  affect  the  calculation  of  the 
refractions.  A  zenith  point  given  immediately  by  the  collima- 
ting  eye-piece  (Art.  191)  maybe  used  for  inferring  the  apparent 
zenith  distances,  as  it  will  only  differ  slightly  from  a  finally 
adopted  value  derived  (as  will  afterwards  be  shewn)  from  direct 
and  reflection-observations  of  stars.  Bessel's  Tables  have  been 
adopted  both  at  Cambridge  and  Greenwich,  altered  in  form  and 
expanded,  as  they  are  given  in  an  Appendix  to  the  Volume  of 
Greenwich  Observations  for  1836,  and  more  recently  at  Green- 
wich, as  given  in  an  Appendix  to  the  Volume  for  1853,  with  a 
small  correction  of  Bessel's  mean  refraction.  In  these  compu- 
tations the  external  thermometer  only  is  used,  unless  the  Zenith 
Distance  exceeds  85°. 

216.  After  adding  the  amount  of  refraction  to  the  ap- 
parent zenith  distance  obtained  as  above  stated,  the  result  is 
the  zenith  distance  of  the  object  measured  from  the  astro- 
nomical zenith  of  the  place  of  observation,  or  from  the  local 
direction  of  the  action  of  gravity.  This  is  the  angle  which  is 
designated  by  Zin  Arts.  124  and  207,  and  in  the  latter  Article 
is  called  'local  zenith  distance.'  In  order  to  deduce  from  this 
angle  local  polar  distance,  or  the  angle  which  the  direction  of 
the  object,  as  seen  from  the  place  of  observation,  makes  with  a 
parallel  to  the  earth's  axis,  it  is  required  to  find  the  zenith 
distance  of  the  Pole.  This  is  done  by  taking  Circle-obser- 
vations of  the  same  star  above  and  below  Pole,  and  correcting 
the  observations  for  refraction,  the  mean  between  the  results 
for  the  upper  and  lower  culminations  being  the  zenith  distance 
of  the  Pole.  But  before  using  zenith  distances  of  stars  for  this 
purpose,  account  has  to  be  taken  of  an  instrumental  irregularity 
which  is  named  the  Discordance  of  Zenith  Points.  It  is  found, 
in  fact,  that  the  mean  between  the  Circle-readings  for  the  direct 
and  reflection  observations  of  a  star  corrected  for  refraction, 
which  mean  should  be  the  reading  for  the  horizontal  direction 
northward  or  southward,  is  somewhat  different  as  determined 
by  different  stars,  and,  consequently,  that  the  zenith  point, 
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which  is  the  reading  for  the  horizontal  direction  ±  90°,  varies 
with  the  zenith  distance.  It  becomes  necessary,  therefore,  to 
ascertain  by  what  process  the  calculation  of  polar  distances 
may  be  performed  so  as  to  be  free  from  effects  of  this  irregu- 
larity, that  is,  to  obtain  corrections  for  discordance  of  zenith 
points.  The  following  method,  described  in  pages  xxxi.  and 
xxxii.  of  Yol.  xx.  of  the  Cambridge  Observations  (for  1855 — 
1860),  is  for  the  most  part  the  same  as  that  which  was  adopted 
by  Professor  Airy  for  the  observations  of  1833,  the  year  in 
which  the  Circle  was  first  brought  into  use. 

217.  The  discordance  is  such  that  the  Circle-reading  for 
zenith  is  in  general  less  by  a  star  observed  to  the  south  of 
zenith  than  by  a  star  observed  to  the  north  of  zenith,  the 
telescope,  whether  directed  to  the  heavens  or  the  trough  of 
mercury,  requiring,  when  the  object  is  to  the  south  of  zenith, 
to  be  turned  for  bisecting  it  a  little  farther  in  the  direction  of 
the  graduation  than  if  the  inequality  did  not  exist,  and  when 
the  object  is  to  the  north  of  zenith  a  little  in  the  contrary 
direction.  Whatever  may  be  the  cause  of  the  discordance,  the 
law  of  the  error  it  produces  may  be  presumed  to  be  approxi- 
mately represented  by  the  differences  between  an  ascertained 
zenith  point  for  a  given  zenith  distance  and  the  zenith  points 
corresponding  to  other  zenith  distances,  if  these  be  sufficiently 
consecutive  and  numerous.  It  will  be  assumed  that  the  colli- 
mating  eye-piece  gives  correctly  the  zenith  point  corresponding 
to  the  zenith  direction,  and  that  the  double  observation  gives 
zenith  points  that  require  corrections.  Let,  therefore,  M  be  a 
zenith  point  given  by  the  eye-piece,  and  Z^  a  zenith  point 
obtained  nearly  contemporaneously  by  a  double  observation. 
Since,  if  there  were  no  discordance  Z^  would  be  equal  to  M,  it 
follows  from  the  foregoing  principles  that  the  Circle-reading  for 
the  direct  observation  and  that  for  the  reflection-observation 
both  require  to  be  corrected  by  M—  Zv  it  being  assumed  that 
they  are  alike  affected  by  the  inequality  both  in  amount  and  as 
respects  the  direction  of  the  graduation.  In  order,  therefore,  to 
obtain  the  true  zenith  distance,  or  that  which,  except  for  the 
discordance,  would  be  given  by  adopting  the  zenith  point  M, 
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the  quantity  M-  Z  has  to  be  added  to  the  Circle-reading  for 
the  direct  observation,  and  subtracted  from  that  for  the  reflection 
observation.  Hence  the  algebraic  excess  of  the  latter  Circle- 
reading  above  the  other  is  twice  M  —  Z.  This  quantity  is  also 
equal  to  the  algebraic  excess  of  the  polar  distance  derived 
from  the  reflection  observation  above  that  derived  from  the 
direct  observation,  before  taking  account  of  the  discordance  of 
zenith  points,  polar  distances  below  Pole  being  considered 
negative.  In  short,  the  values  of  M  —  Z  are  most  conveniently 
obtained  by  halving  the  excesses  thus  deduced  from  polar 
distances  provisionally  calculated  with  the  values  of  M. 

218.  This  being  understood,  suppose  the  values  of  M—Z 
derived  from  all  the  double  observations  made  in  a  year  to  be 
collected,  the  mean,  in  each  instance  of  several  being  given  by 
the  same  star,  to  be  taken,  and  the  separate  results,  whether  a 
single  value  or  the  mean  of  several,  to  be  divided  into  groups 
such  that  the  stars  in  each  group  shall  not  greatly  differ  in 
zenith  distance.  Then  let  each  value  in  a  group  be  multiplied 
by  the  number  of  observations  by  which  it  was  determined,  and 
the  corresponding  zenith  distance  by  the  same  number.  After 
dividing  the  sum  of  each  series  of  products  by  the  whole  number 
of  observations  in  the  group,  the  resulting  value  of  M—Z  may 
be  considered  to  belong  to  the  resulting  zenith  distance.  Con- 
ceive these  zenith  distances  to  be  set  off  on  a  straight  line  of 
absciss^  and  ordinates  proportional,  according  to  an  arbitrary 
scale,  to  the  values  of  M—Z  corresponding  to  the  several 
abscissas,  to  be  drawn  at  right  angles  to  the  line.  The  extre- 
mities of  the  ordinates  will  thus  mark  a  certain  number  of 
positions,  the  probable  error  of  each  of  which  may  be  supposed 
to  be  smaller  the  greater  the  number  of  the  observations  by 
which  it  was  determined.  This  having  been  done,  the  next 
step  is  to  trace  by  hand  among  the  points  laid  down  a  con- 
tinuous curved  line,  making  it  at  the  same  time  approach  nearer 
to  any  position  the  less  the  probable  error.  Now  let  intervals  of 
5°  be  marked  off  on  the  line  of  abscissae,  commencing  at  the 
zero  of  zenith  distance,  and  proceeding  both  in  the  positive  and 
negative  directions,  and  let  ordinates  to  the  curve  be  raised  at 
c.  14 
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the  points  of  division.  Then  these  ordinates,  their  scale-measure 
being  known,  will  give  the  values  of  M  —  Z  for  every  fifth 
degree  of  zenith  distance,  from  which  the  value  for  any  other 
zenith  distance  may  be  found  by  interpolation.  It  appears 
from  the  foregoing  reasoning,  that  the  required  correction  is 
M—  Zwith  its  proper  sign,  or  with  the  sign  changed  according 
as  the  zenith  distance  is  inferred  from  a  direct  or  a  reflection 
observation.  A  Table  of  the  corrections  for  discordance  of 
zenith  points,  both  for  direct  and  reflection  observations,  for 
every  fifth  degree  of  zenith  distance,  or  polar  distance,  should 
be  formed  to  facilitate  the  interpolations. 

219.  We  may  now  proceed  to  consider  how  the  colatitude 
of  the  Observatory  may  be  exactly  determined  by  observations 
of  circumpolar  stars  above  and  below  Pole.     The  mean  between 
the  zenith  distances  of  the  same  star  at  the  upper  and  lower 
culminations,    after    correcting   both    for   refraction    and   dis- 
cordance of  zenith  points,  is  the  exact  zenith  distance  of  the 
Pole,  or  the  Colatitude.     As  this  is  an  essential   element   in 
calculating  polar  distances,  the  adopted  value  should  be   the 
mean  result  of  a  large  number  of  observations ;  and  on  account 
of  the  uncertainties  of  refraction,  stars  should  be  selected  that 
are  not  far  from  the  Pole.     Polaris  is   especially  adapted  for 
this  purpose,  both  because  of  its  nearness  to  the  Pole,  and 
because  it  is  visible  in  day-time  in  telescopes  usually  attached 
to  a  Mural  Circle,  or  a  Transit-circle.     In  calculating  the  mean 
result,  less  weights  should  be  given  to  individual  results   in 
proportion  as  the  stars  rendering  them  are  more  distant  from 
the  Pole.     I  proceed  now  to  exemplify  the  above  method  by 
stating  in  some  detail  the  processes  by  which  the  colatitude  of 
the  Cambridge  Observatory  at  present  adopted  was  obtained. 

220.  The  first  accurate  determination  was  made  by  Pro- 
fessor Airy  in  1833  from  observations,  taken  in  that  year,  of  the 
polar  distances  of  ten  circumpolar  stars,  extending  from  the 
polar   distance  of  Polaris  (=  1° .  35')  to   that   of  a  Cassiopeise 
(=  34° .  23').     The  data  for  the  calculations  are  given  in  p.  xxxv 
of  Volume  VI.  (for  1833)  of  the  Cambridge  Observations.     The 
whole  number  of  observations  employed  was  917,  consisting  of 
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observations  above  and  below  Pole  in  unequal  portions,  and 
also  of  unequal  portions  of  direct  and  reflection  observations. 
The  weight  attached  to  the  result  given  by  each  star  was 
proportional  to  the  product  of  the  number  of  observations  from 
which  it  was  deduced  by  an  estimated  factor  varying  with  the 
polar  distance.  The  value  of  the  colatitude  finally  obtained 
was  37° .  47' .  8",43,  inclusive  of  a  correction  +0",15  required  in 
consequence  of  its  being  subsequently  found  that  the  barometer 
reading  was  Oin>,l  too  small.  By  similar  means  I  calculated 
(taking  into  account  the  barometer- correction)  the  colatitude 
from  observations  made  in  1836,  1837,  and  1838,  consisting  of 
very  nearly  equal  numbers  of  direct  and  reflection  observations, 
but  of  observations  above  and  below  Pole  in  unequal  numbers. 
The  data  and  results  of  the  calculations  are  contained  in  pages 
liii — Iviii  of  Volume  XI.  (for  1838).  The  weight  given  to  the 
value  deduced  from  the  observations  of  any  star  was  calculated 
in  the  following  manner.  If  the  number  of  observations  of  the 
star  above  and  below  pole  be  respectively  a  and  b,  the  weight, 
so  far  as  it  depends  only  on  the  number  of  the  observations,  was 

taken  to  be  proportional  to 7, the  reciprocal  of-  4-  j .    It  was 

also  considered  that  an  observation  below  pole  of  a  star  of  more 
than  40°  polar  distance  would  be  of  no  value  for  determining 
the  exact  colatitude ;  and  as  the  correction  for  refraction  is  less 
uncertain  the  less  the  zenith  distance,  it  was  assumed  that  the 

factor  by  which  — T-?  should  be  multiplied  to  take  account  of 

the  increment  of  the  weight  due  to  greater  certainty  in  the 
amount  of  correction  for  refraction,  might  be  increased  by  2  for 
every  1°  decrease  of  polar  distance,  beginning  with  zero  at  40° 
of  P.  D.  Accordingly,  A  being  the  star's  P.  D.,  the  adopted 

weight  is  equal  to  2  (40  —  A) y.  Suppose  now  the  cor- 
rected zenith  distance  of  the  star  to  be  zt  above  pole  and  z2 
below  pole,  and  X  4-  x  to  be  the  true  colatitude,  X  being  put  for 
37° .  47' .  8",43.  Then  the  polar  distance  is  equal  to  \  +  x  —  z^ 
and  also  to  zz  —  X  —  x ;  whence  it  follows  that  (X  —  zx)  +  (X  —  z.2) 

14—2 
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=  —  2#,  and  that  x  is  obtained  by  halving,  and  changing  the 
sign  of,  the  sum  of  the  calculated  polar  distances  above  and 
below  pole,  the  latter  being  negative.  Every  such  determi- 
nation was  multiplied  by  a  weight  computed  according  to  the 
foregoing  formula,  and  for  each  of  the  three  years  the  sum  of 
the  products  was  divided  by  the  sum  of  the  weights.  In  this 
manner  the  value  of  x  was  found  to  be  +  0",01  by  354  obser- 
vations in  1836,  -  0",18  by  446  observations  in  1837,  and  -  0",12 
by  392  in  1838.  By  giving  to  these  results  weights  proportional 
to  the  sums  of  the  weights  of  the  respective  years,  the  final 
value  of  x  was  found  to  be  —  0",11,  and  the  corrected  colatitude 
37°.  47'.  8",32.  This  result  depends  on  1190  observations,  and 
that  obtained  in  1833  on  917.  If  the  weights  of  the  two  results 
be  taken  to  be  proportional  to  these  numbers,  the  colatitude 
concluded  from  their  combination  is  37°.  47'.  8",37,  which  is  the 
value  I  have  adopted  for  all  the  observations  made  in  the  years 
1838—1860,  and  contained  in  Volumes  XI. — xx. 

To  shorten  the  calculation  of  Circle  observations  the  colati- 
tude printed  in  the  Calculation  Books  is  37°.  47'.  8",00,  and  the 
correction  +  0",37  for  error  of  assumed  colatitude  is  incorporated 
in  the  Table  of  corrections  for  discordance  of  zenith  points 
mentioned  in  Art.  218, 

221.  I  propose  to  conclude  this  Division  III.  by  considera- 
tions respecting  the  effect  of  the  flexure  of  the  telescope  of  the 
Cambridge  Circle,  and  the  extent  to  which  it  might  have  given 
rise  to  the  discordance  of  zenith  points.  For  conducting  the 
enquiry  as  to  the  amount  of  flexure,  I  employed  the  two  col- 
limators  mentioned  in  Art.  172,  the  construction  of  which,  and 
the  mode  of  using  them  for  finding  collimation  error,  are 
described  in  Arts.  53 — 55.  For  the  present  purpose  they  were 
mounted  in  such  manner  that  the  Circle-telescope  could  be 
made  to  collimate  with  either,  both  horizontally  and  in  directions 
inclined  at  any  angles  to  the  horizontal  direction.  This  was 
effected  by  firmly  attaching  the  collimators  to  a  wooden  plank 
11,5  feet  long,  12  inches  wide,  and  one  inch  and  a  half  thick, 
with  6  feet  of  the  length  at  the  middle  part  of  double  thick- 
ness, then  fastening  symmetrically  the  plank,  thus  loaded  and 
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strengthened,  to  the  end  of  a  stout  axle  52  inches  long,  having 
two  cylindrical  pivots,  and  finally  placing  this  apparatus  on  a 
braced  wooden  stage,  so  as  to  be  capable  of  being  moved  about 
an  axis  nearly  in  a  line  with  the  axis  of  motion  of  the  Circle. 
The  collimators  were  fixed  to  the  vertical  face  of  the  plank  near 
its  ends,  and  pointed  in  opposite  ways  in  the  direction  of  its 
length,  and  their  axes  could,  by  means  of  screws  provided  for 
this  purpose,  be  adjusted  so  as  to  revolve  very  nearly  in  the 
plane  of  the  motion  of  the  telescope-axis.  Thus  for  any  angular 
elevation  the  Circle-telescope  could  collimate  with  both,  one 
after  the  other,  and  their  collimation  with  each  other  could  be 
effected  through  the  aperture  made  at  the  middle  part  of  the 
telescope-tube  (Art.  172).  For  steadying  the  collimators' 
support  while  a  set  of  collimations  was  being  taken,  the  ends 
of  the  two  arms  were  clamped  to  the  pier  by  means  of  brass  rods 
and  appropiate  clamping  gear.  The  wooden  stage  supporting 
the  revolving  part  of  the  apparatus  rested  at  first  on  the  floor 
of  the  Circle-room.  I  made  trial  of  these  arrangements  for 
measuring  the  effects  of  flexure  on  various  occasions  from 
November  16,  1855,  to  February  13,  1850,  and  obtained  values 
for  every  tenth  degree  of  zenith  distance  South  from  20°  to  90°. 
The  results  of  this  preliminary  investigation  shewed  that  the 
floor  was  not  a  sufficiently  firm  support  of  the  apparatus,  and 
that  the  brass  clamping  rods  had  an  injurious  effect,  owing  to 
variations  of  temperature.  To  get  rid  of  these  sources  of  error, 
the  brass  rods  were  replaced  by  wooden  ones,  and  the  stage  was 
placed  on  a  mass  of  brick-work  surmounted  by  a  thick  stone 
slab. '  After  these  changes  the  measures  of  flexure  were  much 
more  consistent  with  each  other,  and  seemed  to  be  sufficiently 
trustworthy.  The  instrumental  operations  for  determining  the 
flexure,  and  the  calculation  of  its  amount,  were  conducted  in 
the  following  manner. 

222.  It  will  be  assumed  that  the  plane  of  collimation  of  the 
Circle-telescope  has  been  placed  very  nearly  in  the  plane  of  the 
meridian,  and  that  its  wire-frame  has  been  adjusted  to  geometrical 
focus  by  the  method  described  in  Art.  83.  Under  these  circumstances 
the  wires  of  the  collimators  are  placed  exactly  at  the  geometrical 
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foci  by  adjusting  the  wire-frames,  one  after  the  other,  so  that  the 
images  of  the  wires  may  be  seen  distinctly  at  the  geometrical  focus  of 
the  Circle-telescope;  for  when  this  condition  is  satisfied  the  images 
are  formed  by  parallel  rays  issuing  from  the  collimators'  object-glasses. 
Supposing  these  adjustments  to  be  made  in  positions  of  the  telescope 
which  are  approximately  opposite,  or  differ,  according  to  the  gradua- 
tion of  the  Circle,  by  nearly  180°,  the  collimators  will  by  this  means 
be  made  to  point  towards  each  other,  so  that  the  images  of  the  wires 
of  either  will  be  seen  distinctly  at  the  geometrical  focus  of  the  other. 
If,  for  instance,  the  centre  of  the  field  of  each  be  marked  by  the  in- 
tersection of  a  vertical  and  a  horizontal  wire  (see  Fig.  13  in  pp.  44  and 
215,  and  Arts.  54  and  55),  the  two  lines  joining  the  points  of  intersec- 
tion and  the  respective  optical  centres  of  the  object-glasses  will  be  very 
nearly  parallel,  and  the  image  of  the  point  of  intersection  of  the  wires 
of  one  collimatorwill  be  formed  near  the  point  of  intersection  of  the  wires 
of  the  other.  (I  provided  screw-adjustments  for  correcting,  if  there 
was  need,  defect  of  parallelism  of  these  optical  axes,  and  also  for 
having  the  means  of  placing  both  in  a  line  with  the  optical  axis  of 
the  telescope,  which  latter  condition,  although  not  optically  necessary, 
it  was  considered  desirable  to  be  able  to  fulfil  approximately.)  At 
the  same  time  that  these  adjustments  are  made,  the  horizontal  wires 
of  the  collimators  might  be  placed,  according  to  judgment  of  the  eye, 
parallel  to  the  image  of  the  horizontal  wire  of  the  telescope,  by  being 
slightly  rotated  by  hand  and  then  clamped.  If,  however,  all  bisections 
be  made  near  the  centres  of  the  collimators'  fields,  small  deviations  of 
the  wires  from  horizontality  will  have  no  sensible  effect.  After  the 
foregoing  arrangements  the  operation  for  measuring  the  flexure  pro- 
ceeds as  follows. 

223.  The  collimators  were  first  made  to  collimate  with  each  other 
through  the  aperture  in  the  telescope-tube.  In  order  to  make  this 
adjustment  with  precision  the  double  micrometer- wire  of  B  (Fig.  13) 
was  moved  to  a  position  such  that  the  image  of  the  horizontal  wire  of 
A  was  seen,  near  the  middle  of  the  field,  exactly  between  the  two 
wires,  and  the  micrometer-reading  of  B  was  recorded.  This  was 
done  six  or  more  times,  and  after  calculating  the  mean  of  all  the 
readings  the  micrometer  was  set  to  this  mean.  The  telescope  having 
been  turned  to  collimate  with  B  and  the  Circle  clamped,  the  telescope- 
micrometer-wire  was  placed  six  or  more  times  between  the  images  of 
the  two  wires  of  B,  the  several  micrometer-readings  were  recorded, 
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and  the  mean  being  computed  was  taken  to  be  the  concluded 
micrometer-reading  (o^).  The  telescope  was  then  put  in  collimation 
with  A  by  placing  its  micrometer-wire  in  coincidence  with  the  image  of 
the  horizontal  wire  of  A,  the  coincidence  reading  (x2)  being  ascer- 
tained by  the  method  of  alternate  contacts  (Art.  191).  The  Circle- 
reading  having  been  taken  in  the  usual  manner  for  each  position  of  the 

Fig.  13. 


telescope,  suppose  the  reading  to  be  Cl  for  the  first  position,  the 
telescope  pointing  northward  from  Zenith,  and  Ca  for  the  second 
position,  the  telescope  pointing  southward.  Then  if  a  be  either 
the  micrometer-reading  for  coincidence  with  the  fixed  wire,  or  the 
reference  micrometer-reading,  and  m  the  value  in  arc  of  one  micro- 
meter revolution,  the  concluded  Circle-reading  for  the  first  bisection 
is  Cl  —  m  (xl  —  a),  and  that  for  the  other  Ca  —  m  (x2  —  a).  Now  if 
there  should  be  no  effect  of  flexure,  the  excess  of  the  second  reading 
above  the  first  would,  by  reason  of  the  collimating  process,  be  exactly 
180°.  Also  it  is  to  be  considered  that  the  effect  of  flexure  might  be 
such  as  to  cause  the  optical  centre  of  the  object-glass  and  the  reference 
point  in  the  field  of  the  telescope  to  be  equally  displaced  in  parallel 
directions,  in  which  case  the  flexure  would  produce  no  angular 
displacement  of  the  optical  axis,  and  the  difference  of  the  Circle- 
readings  would  still  be  180°.  But  if  the  arc  (Ot-mx3)-(Gl-mxl) 
through  which  the  telescope-axis  is  turned  differs  from  180°,  this  will 
shew  that  sensible  effect  is  produced  by  the  bending  of  the  telescope- 
tube,  and  it  may  readily  be  seen  that  according  as  that  arc  is  less  or 
greater  than  180°,  the  drooping  of  the  object-end  of  the  tube  is  greater 
or  less  than  that  of  the  eye-end.  As  the  difference  of  the  droopings 
may  be  assumed  to  be  the  same  in  the  two  positions  of  the  telescope, 
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the  error  of  the  Circle-reading  due  to  flexure  is  in  amount  equal  to 
half  the  difference  between  180°  and  the  arc  Cz—Cl  —  m(x2  —  xl). 
Also  since,  for  a  given  pointing  of  the  optical  axis  southward,  the 
greater  drooping  of  the  object-end  would  diminish  the  Circle-reading, 
the  correction  of  the  error  is  a  positive  or  negative  quantity,  according 
as  the  object-end  droops  more  or  less  than  the  eye-end,  that  is,  by 
what  is  argued  above,  according  as  180°  is  greater  or  less  than 
(72  —  Cl  —  m  (x2—  ajj.  From  mechanical  considerations  we  may  con- 
clude that  the  correction  is  equal  in  amount  with  opposite  sign 
for  a  pointing  equally  distant  from  the  zenith  northward.  Hence, 

generally,    flexure-correction   =  ±  ^  {  1  80°  -  (<72  -  (7J  +  m  (xz  -  x^}   ac- 

cording as  the  telescope  points  southward  or  northward  from  the 
zenith.  The  following  examples  will  serve  to  illustrate  the  process  of 
calculation. 

224.  On  September  10,  1856,  at  3Jh,  I  took  measures  as  follows 
for  ascertaining  the  flexure-correction  of  the  Cambridge  Mural  Circle 
for  the  horizontal  pointing  of  the  telescope  southward. 

Object-glass.  Circle-reading.  Micr,  reading. 

N  .......  246  40  38,95  (CJ  ......  10,451  (^). 

S  .......  426  40  39,67  (G2)  ......  10,486  (a?,). 

N  .......  246  40  38,81  (0j  ......  10,563  (ajj. 


The   value   of  m,   the    micrometer   revolution,    being    20",850, 
yi(x,-xl)  =  W,S5xW,035  =  +0",13',    and     0,-^=  180°  +0",  7  2. 

Hence  +  i  {1809  -  (<72-  CJ  +  m(xz-  x,)}  =  \  (-  0",72  +  0",73) 

=  +  0",005  =  flexure-correction   by   the   first   and    second   measures. 
Also  + 


+  20"85  x  -  Or,77}  =     (-  0",86  -  1'*,63)  =  -  1",245,  which  is  the  flexure- 

4 

correction  by  the  second  and  third  measures.  The  mean  between  the 
two  results  is  —  0",62,  which  is  the  concluded  correction  as  given  by 
these  measures.  It  will  afterwards  appear,  notwithstanding  the 
discrepancy  between  the  separate  results,  that  this  mean  is  entitled  to 
considerable  weight.  The  sign  of  the  correction  thus  obtained  proves 
that  the  eye-end  droops  most.  See  Art.  223. 
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225.  As  the  above-mentioned  discrepancy  appeared  to  be  due  to 
gradual  change  of  the  reading  of  the  ^-micrometer  for  coincidence 
with  the  wire  of  A,  the  measures  were  repeated  on  September  12, 
and  the  coincidence  reading  was  taken  three  times.  The  telescope 
was  pointed  horizontally  and  the  B  collimator  was  northward.  After 
making  trial  of  different  methods  of  conducting  the  collimations  it 
appeared  to  be  most  satisfactory  to  put  one  of  the  wires  of  B  in 
collimation  with  the  wire  of  A,  by  means  either  of  alternate  contacts 
or  of  actual  coincidences,  and  then  to  place  the  images  of  these  two 
wires,  one  after  the  other,  mid-way  between  the  telescope's  fixed  and 
micrometer  wires  separated  by  an  arbitrary  small  interval.  Suppose 
that  for  such  collimation  northward  the  Circle-reading  and  micrometer- 
reading  are  Cl  and  xl9  and  for  the  southward  collimation  Cz  and  x& 
and  that  the  reference  micrometer-reading  is  a.  Then  the  reduced 

in 
Circle-reading  for  the  northward  collimation  is  Ol  —  ~n  (xl  —  a),  and 

that  for  the  other  is  C2  -  -^  (x2  -  a).    Hence  by  the  same  argument 

1 

as  that   in  Art.    223,    the   flexure-correction   is   ±  ^{180°  —  (Cz—  Cj 

+  —  (x.2-x^)}   according   as  the  telescope  is  pointed  southward  or 

northward,  -=  simply  taking  the  place  of  m  in  the  former  expression. 

The  following  data  were  obtained  by  such  measures  on  September  12. 

Pointing  of       Reading  of  Circle-reading.  Reading  of 

telescope.      B-micrometer.  Circle-micrometer. 

N.  ......  10,012  246  40  3,43  (Q  10,559  fo). 

S 10,018  426  40  4,18  (<7J  10,582  (xt). 

N 10,033  246  40  3,72  (C3)  10,703  (x3). 

As  the  readings  10r',018  and  10r',033  were  taken  before  and  after 
the  south  pointing  of  the  telescope,  the  coincidence  reading  at  the 
time  of  pointing  is  assumed  to  be  the  mean  between  these,  or  10r',025. 
Compared  with  this  the  reading  10 ',012  is  too  small  by  Or',013, 
and  consequently,  as  the  micrometer-head  was  downwards,  the  wire 
of  B  was  too  high,  and  the  Circle-reading  too  great,  by  this  quantity. 
It  was  found  by  taking  the  difference  of  the  Circle-readings  for 
collimations  of  the  fixed  wire  of  the  telescope  with  the  double- wire  of 
B  at  positions  separated  by  24*",  that  lr'  =  58",07.  Hence  the 
required  correction  of  Cl  =-  0,013  x  58",07  =-  0",76,  the  corrected 
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seconds  of  Cl  =  2",67,  and  C2  -  Cl  =  180°  +  4",  18  -  2",  67  -  180°  +  1",51. 
Also  ™  (as,  -  Xl)  =  12  x  20",85  x  0,023  -  +  0",24.  Hence  the  flexure- 

correction  =  +  -  (  —  1",51  +  0",24)  =  —  0",63.      Similarly,  as  compared 

with  10r',025  the  reading  10r',033  is  too  great  by  Or',008,  and  the 
correction  of  Ca  =  +  0,008  x  58",07  =  +  0",46.  Hence  the  corrected 
seconds  of  C3  are  3",72  +  0",46  =  4",  18,  and  the  flexure-correction 

=  +  *  {l80°  -  (0,-  <73)  +  1  (x,  -  *3)}  =  \  (V',00  +  \  x  20",85  x  _0,12l) 

=  -0",63.      Hence  the  mean  result  from  the  two  sets  of  measures  is 

—  0",63,  agreeing  nearly  with  that  of  Sept.  10.     If  the  calculation 
had  been  made  without  reference  to  the  change  of  reading  of  the 
j5-micrometer,  the  result  would  have  been  —  0",26   by  the  first  and 
second  measures,  and  —  0",86  by  the  second  and  third,  the  mean  being 

—  0",56.     This  result  shews  that  the  effect  of  that  change  is  nearly 
eliminated  by  adopting  the  principle  of  alternate  measures. 

226.  October  23,  1856,  3Jh—  5h,  the  following  measures  were 
taken  for  determining  the  flexure-correction  when  the  telescope  is 
horizontal  and  looks  northward. 

Pointing  of       Reading  of  Circle-reading.  Reading  of 

telescope.      B  -micrometer.  Circle-micrometer. 

S  .......  9^916  «)  ......     66  43  57,/10  (C^  ......  9^659  fo). 

,    N  .......  9,928  (<)  ......  246  43  55,57  (<7J  ......  9,585  (as,). 

S  .......  9,935  «)  ......     66  43  57,05  (C3)  ......  9,634  («„). 

N  .......  9,938  (a?/)  ......  246  43  56,52  (C<)  ......  9,669  (*4). 

Calculating,  first,  without  regard  to  the  change  of  the  micrometer- 
reading  of  JB,  the  flexure-correction  by  the  first  and  second  measures 


=  -  |{l80»  -(0,-  C.)  +™(xl-  x^  =  -  1  (_  1",53  +  0»,77)  =  +  0",38  ; 
by  the  second  and  third  measures  =  -  ^  -j  180°  -  (C3  -  C2)  +  -^  (x3-  x2)  > 
=  -i  (-  1",48  +  0",51)  =  +  0",48  ;  and  by  the  third  and  fourth  measures 

Zi 


The  mean  of  the  first  and  second  results  is  +  0",43,  and  that  of  the 
second  and  third  is  +  0",47,  and  the  concluded  mean  is  +  0",45. 

For  taking  account  of  the  change  of  the  micrometer-reading  of  B, 
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the  times  of  taking  the  Circle  readings  and  those  of  both  micrometers 
were  noted.  Hence  it  was  found  by  interpolating  that  the  reading 
of  .5-micrometer  was  9r',920  corresponding  to  (7,,  and  9r',936  cor- 
responding to  <73.  Hence  xa'  is  too  great  by  9r/928  -  9r',920,  which 
in  arc  =  58",07  x  0,008  =  +  0",46.  Consequently,  since  the  ^-micro- 
meter was  northward,  the  wire  was  too  low  by  0",46  and  the  cor- 
rected seconds  of  <72  =  55",57  +  0",46  =  56",03.  Thus  by  the  formula 

0^-(Cl-C2)+^(xl-xa)\)  the  flexure-correction-  -I(-i",07 

+  0",77)  -  +  0",15.  So  in  comparing  the  second  and  third  measures, 
as,'  is  too  small  by  9r',936  -  9r',928,  or  in  arc  0,008  x  58",07  (  =  0",46), 
and  the  corrected  seconds  of  Cg=  55",57  ~0",46  =  55",11.  Hence 

flexure-correction  =  -  ^  (l80°  -  (G3  -  C,)  +  y  (x3  -  x2)\  =-|  (-  1",94 

+  0",51)  =  +  0",71>  and  the  mean  of  the  two  results  =  ^  (0",15  +  0",71) 

=  +  0",43.  Again,  in  comparing  the  third  and  fourth  measures  x4'  is  too 
great  by  9r',938  -  9r',936,  or  in  arc  0,002  x  58",07  (=  0",12).  Hence  cor- 
rected seconds  of  (74  =  56",52  +0",12  =  56",64,  and  flexure-correction 


=  -       l80°  -  (CB  -C4)  +      (x3  -  x<)   =  -    (-  0",41  -  0",36)  =  -f  0",39. 
Hence  the  mean  of  the  two  results  by  the  second  and  third  measures 

and   by   the   third   and   fourth   =  ^  (0",71  +0",39)  =  +  0",55.      Con- 

4 

sequently  concluded  mean  =  -^  (0",43  +  0",55)  =  +  0",49,  which  diflers 

little  from  +  0",45  obtained  by  the  other  calculation. 

227.  I  propose  now  to  give  two  examples  of  the  calculation  of 
the  flexure-correction  for  oblique  positions  of  the  telescope,  one  for  a 
southward,  and  the  other  for  a  northward,  zenith  distance.  In  the 
first  example  it  was  required  to  find  the  flexure-correction  when  the 
telescope  is  pointed  70°  from  the  zenith  southward;  for  calculating 
which,  on  September  13,  1856,  at  3h,  the  following  measures  were 
taken  : 

Pointing  of      Reading  of  Circle-reading.  Reading  of 

telescope,    ^-micrometer.  Circle-micrometer. 

N  .......  10^88  «)  ......  226  39  49,93  (C,)  ......  10,684  fo). 

S  .......   10,186  «)  ......     46  39  50,22  ((72)   ......   10,648  (a?,). 

N  .......  10,211  (<)  ......  226  39  49,50  (C3)  ......  10,624  (*3). 
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The  readings  of  J?-micrometer  being  left  out  of  consideration,  we 
have  Ca-Ci=  180°+  0"^9,^(aJt-a;1)=|x  20",85  x  -  0,036  -  -  0",37, 

and  flexure-correction  =  «  ( -  0",29  -  0",37)  =  -  0",33.     Also  C2  -  C3 
=  180°  +  0",72,  ~  (aj,  -  aja)  =  |  x  20",85  x  0,024  =  +  0",25,  and  flexure- 
correction  =  +  -  (  -  0",72  +  0",25)  =  -  0",23.      Concluded    value  = 
4 

2  ( -  0",33  -  0",23)  -  -  0",28.     Taking  account,  now,  of  the  readings 

a?/,  se2',  aJ3',  since  the  Circle  reading  for  the  south  pointing  of  the 
telescope  was  obtained  between  xa'  and  xa',  the  corresponding  reading 
of  the  ^-micrometer  will  be  assumed  to  be  the  mean  of  these,  or 
10r',198.  The  value  of  as/  being  less  than  this  by  Or',010,  and  the 
collimator  B  being  northward  and  its  micrometer-head  downwards, 
the  wire  was  too  high  by  0,010  x  58",07,  or  0",58,  and  the  Circle 
reading  C1  requires  the  correction  —  0",58.  Similarly,  C8  requires 
the  correction  +0,013  x  58",07  or  +  0",75.  These  corrections  being 
included,  it  will  be  found  by  calculating  as  before,  that  the  flexure- 
correction  is  -0", 3.3-0", 2 9,  or  -0",62  by  the  first  and  second 
measures,  and  —  0",23  +  0",37,  or  +  0",14  by  the  second  and  third. 

The  mean  of  the  two  results  is  ^  (+  0",14  -  0",62),  or  -  0",24,  agreeing 

well  with  the  value  obtained  above.  I  am  not  sure  that  the  former 
method  of  calculation  is  not  the  best. 

In  the  second  example,  the  following  measures  were  taken  on 
October  21,  1856,  at  22h — 23 Jh,  for  calculating  the  flexure-correction 
for  the  pointing  of  the  telescope  70°  from  the  zenith  northward. 

Pointing  of      Reading  of  Circle-reading.  Reading  of 

telescope.      B-micrometer.  Circle-micrometer. 

S 9*765  «)  8°6  42  55',43  (<7t)  9^659  (a;,). 

N 9,760  «)  ,  266  42  54,95  (C2)  9,701  (x2). 

S 9,760  «)  86  42  55,90  (<73)  9,724  (x3). 

N 9,758  (a?/)  266  42  55,35  ((7J  9,677  (a?4). 

Calculating  without  reference  to  the  readings  of  the  ^-micrometer, 
the  following  values  of  the  flexure-correction  are  obtained  from  the 
first  and  second  measures,  the  second  and  third,  and  the  third  and 
fourth,  respectively : 
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-  1  | 


l80°  -  <7  - 


fa-*,)    =  -     (-0",48  -0",44)  =  +  0",46 


0",49)  =  +  0",03. 


The  mean  of  the  first  and  second  results  is  +  0",410,  and  the 
mean  of  the  secoud  and  third  +  0",195,  and  the  concluded  mean 
=  +  (V',30,  which  is  the  required  flexure-correction.  By  calculating 
according  to  the  other  method  I  obtained  +  0",31,  differing  very  little 
from  the  previous  result,  because,  in  fact,  the  jB-micrometer  readings 
differ  little  from  each  other.  I  have  not  thought  it  worth  while  to 
give  the  details  of  the  second  calculation,  which  was  conducted  exactly 
as  in  like  cases  already  adduced. 

228.  In  the  interval  from  September  10  to  October  24,  1856,  I 
took  thirty  -three  different  sets  of  measures  to  determine  the  flexure- 
correction  for  zenith  distances  separated  in  some  instances  by  5°,  but 
generally  by  10°,  and  extending  from  90°  south  to  90°  north.  The 
subjoined  Table  contains  the  results  for  every  tenth  degree  of  zenith 
distance,  as  deduced  from  these  measures.  It  is  to  be  understood 
that  in  all  the  calculations  micrometer-readings  of  the  collimator  B 
were  taken  into  account.  The  corrections  for  discordance  of  zenith 
points  (Arts.  217  and  218)  adopted  in  the  years  1837  and  1856  are 
inserted  in  the  Table  for  the  purpose  of  drawing  inferences  from  a 
comparison  of  the  law  and  amount  of  the  two  classes  of  corrections. 


Z.  D. 

South. 

Flexure- 
corrn. 

Discordance-corr11. 

Z.  D. 

North. 

Flexure- 
corrn. 

Discordance-corrn. 

1837 

1856 

1837 

1856 

0 

it 

a 

a 

0 

,, 

// 

n 

90 

-0,50 

0 

-0,08 

0,00 

+  0,02 

80 

-  0,58 

10 

+  0,13 

-0,46 

-  0,57 

70 

-0,33 

+  0,44 

+  1,25 

20 

+  0,27 

-0,56 

-  0,83 

60 

+  0,15 

+  0,30 

+  0,88 

30 

+  0,29 

-0,51 

-0,51 

50 

+  0,24 

-0,08 

+  0,53 

40 

+  0,11 

-0,32 

+  0,02 

40 

+  0,32 

+  0,23 

+  0,51 

50 

+  0,16 

+  0,15 

+  0,35 

30 

+  0,18 

+  0,5o 

+  0,84 

60 

+  0,43 

-0,14 

20 

+  0,34 

+  0,55 

+  1,16 

70 

+  0,31 

-0,34 

10 

-0,14 

+  0,37 

+  0,71 

80 

+  0,38 

0 

-0,08 

0,00 

+  0,02 

90 

+  0,49 
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The  measures  from  which  the  four  values  of  the  flexure-correction 
for  the  zenith  distances  20° — 50°  S.  were  calculated,  were  taken  with 
all  the  shutters  of  the  room  closed,  and  lamps  were  suspended  at  the 
ends  of  the  arms  supporting  the  collimators  for  the  purpose  of 
throwing  light  on  the  reflectors  of  diagonal  eye-pieces  whereby  the 
wires  were  made  to  appear  dark  on  bright  fields  for  collimation  with 
the  telescope.  It  was  found,  however,  that  the  heat  from  the  lamps 
had  a  perceptible  effect  on  the  reading  of  B  for  collimation  with  -4, 
producing  apparently  anomalous  values  of  the  correction  in  the  above- 
mentioned  instances ;  on  which  account  the  use  of  the  lamps  was 
discontinued.  The  other  measures  were  taken  with  the  shutters 
open,  the  illumination  of  the  collimators'  fields  being  effected  by  light 
from  the  sky.  That  they  might  be  the  better  comparable  with  each 
other  all  the  measures  were  taken  by  myself,  often,  however,  under 
considerable  difficulties  arising  from  effects  of  wind  and  changes  of 
temperature.  The  results  for  the  north  zenith  distances,  as  depending 
on  measures  taken  after  I  had  had  experience  in  overcoming  the 
difficulties  incident  to  the  experiment,  are  more  trustworthy  than 
those  for  the  south  zenith  distances,  a.nd,  I  believe,  may  be  considered 
to  be  a  pretty  close  approximation  to  the  law  and  amount  of  the 
flexure. 

The  corrections  for  discordance  of  zenith  points  in  1837  were 
interpolated  from  the  values  for  the  direct  observations  given  in  the 
Table  in  page  Ixi  of  the  Volume  of  Cambridge  Observations  for  that 
year.  The  adopted  corrections  of  1856  were  formed  by  first  taking 
the  means  of  the  values  obtained  for  1852,  1853  and  1854,  the  forms 
of  the  discordance-curves  for  the  three  years  being  very  nearly  the 
same,  and  then  correcting  these  means  by  —  0",32.  This  correction 
was  applied  because  the  discordance-correction  for  0°  Z.D.  deduced  from 
the  three  years'  observations  was  +  0",32,  whereas  by  the  results  of 
numerous  observations  made  in  1856  near  the  zenith,  as  given  in 
page  Ivi  of  Vol.  xx.,  the  correction  was  found  to  be  zero.  Discord- 
ance-corrections for  zenith  distances  greater  than  70°,  as  depending 
on  few  observations,  were  considered  too  uncertain  for  the  present 
purpose,  and  in  the  years  1852 — 1856  none  were  obtained  for  north 
zenith  distances  greater  than  42°.  I  proceed  now  to  state  the 
inferences  which  appear  to  be  deducible  from  the  foregoing  dis- 
cussion. 

229.     It   may,  in   the   first  place,  be  concluded  that   the 
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discordance  of  zenith  points  cannot  be  accounted  for  by  flexure 
of  the  telescope-tube,  inasmuch  as  the  flexure-correction  agrees 
neither  in  law  nor  amount  with  the  discordance-correction. 
Hence,  since  from  mechanical  considerations  the  flexure  must 
under  any  circumstances  produce  its  effect,  there  must  be  some 
cause  which,  by  operating  according  to  a  different  law  and  in 
greater  degree,  veils  this  effect.  From  the  consideration  I  have 
given  to  the  question  I  incline  to  the  opinion  that  the  sudden 
and  somewhat  violent  movement  of  the  instrument  from  the 
position  for  the  reflection  observation  to  that  for  the  direct 
observation  gives  rise  to  a  temporary  deformation  of  the  Circle, 
of  the  nature  of  flexure,  from  which  it  does  not  recover  in  the 
short  interval  between  the  observations,  especially  if  it  be 
clamped  for  the  direct  observation.  This  view  receives  support 
from  the  following  facts.  (1)  The  change  is  most  rapid  at  small 
zenith  distances,  where  the  difference  between  the  pointings 
of  the  telescope  for  the  reflection  and  direct  observations  is 
greatest.  (2)  The  discordance  is  greater  for  the  Cambridge 
8-feet  Mural  Circle  than  for  the  Greenwich  6-feet  Transit- circle, 
and  follows  different  laws  in  the  two  instruments.  (This  will 
be  seen  by  comparing  the  values  for  1856  in  the  above  Table 
with  corresponding  values  in  page  Ivii  of  the  Volume  of 
Greenwich  Observations  for  that  year.)  These  facts  seem  to 
indicate  that  the  discordance  is  due  as  to  law  and  amount  to 
the  construction  of  the  instrument,  or  to  mode  of  using  it,  or  to 
these  conditions  combined.  (3)  As  far  as  regards  the  Cambridge 
Circle,  the  discordance  increased  in  amount  from  1837  to  1856, 
the  law  remaining  nearly  the  same ;  which  might  be  the  result 
of  an  increasing  liability  of  the  Circle  to  deformation  consequent 
upon  prolonged  use.  (4)  The  discordance-curves  from  which 
the  corrections  in  the  above  Table  for  the  years  1837  and  1856 
were  deduced,  as  well  as  all  the  curves  that  I  formed  from  the 
observations  of  other  years,  exhibited  a  minimum  value  at  about 
50°  Z.  D.  south,  and  a  maximum  value  at  the  same  Z.  D.  north. 
Possibly  at  these  positions  the  effect  of  the  flexure  due-  to  the 
action  of  gravity,  and  the  temporary  effect  due  to  the  movement 
impressed  on  the  instrument,  might  most  nearly  counterbalance 
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each  other.  From  the  aggregate  of  the  values  of  the  flexure- 
correction  in  the  above  Table,  with  the  exception  of  those  for 
20° — 60°  south,  all  of  which  appear  to  have  been  affected  by 
disturbing  causes  (see  Art.  228),  it  may  be  inferred  that  the 
law  and  amount  of  the  flexure  are  very  nearly  the  same  on  the 
opposite  sides  of  zenith  (as  from  mechanical  considerations  might 
be  expected),  and  that  they  may  be  supposed  to  be  approxi- 
mately expressed  by  the  formula,  horizontal  flexure  x  sin  Z.  D. 
This  formula  is,  in  fact,  assumed  in  the  reduction  of  the 
Greenwich  observations,  the  zenith  points  obtained  after  the 
application  of  the  flexure-correction  being  supposed  to  depend 
on  some  unknown  cause  different  from  flexure.  It  is  plain  that 
according  to  the  supposed  law  of  flexure,  the  correction  is  the 
same  in  amount,  and  in  direction  as  regards  the  order  of  the 
graduation,  for  a  reflection  as  for  a  direct  observation,  and 
consequently  that  its  effect  on  the  zenith  point  is  taken  into 
account  in  the  usual  treatment  of  the  double  observation,  when, 
as  in  Cambridge  practice,  it  has  not  been  previously  eliminated. 
If  it  had  been  eliminated  from  the  results  of  the  observations 
of  1856,  the  residual  discordance  would  have  been  much  greater 
for  the  Cambridge  instrument  than  any  hitherto  obtained  at 
Greenwich,  proving,  I  think,  that  the  8-feet  Mural  Circle  was  too 
large,  and  that  a  decided  advantage  has  been  gained  by  substi- 
tuting for  it  a  3-feet  Transit-circle.  If  the  foregoing  theory  be 
accepted,  it  will  follow  that  in  the  case  of  a  double  observation, 
the  Z.  D.  deduced  from  the  reflection  observation,  corrected 
only  for  flexure,  is  likely  to  be  more  accurate  than  that 
similarly  deduced  from  the  direct  observation,  and  that  the 
uncertainty  of  the  direct  observation  increases  with  the  size 
of  the  Circle1. 

1  As  far  as  I  am  aware  the  experiment  of  which  I  have  here  given  an 
account  is  the  only  one  in  which  a  determination  of  the  flexure-corrections  for 
oblique  positions  of  the  Telescope  has  been  attempted  to  be  made.  I  intended 
originally  to  offer  a  communication  of  all  the  details  for  publication  in  the 
Memoirs  of  the  Royal  Astronomical  Society,  instead  of  inserting  them  in  a 
Volume  of  the  Cambridge  Observations,  but  press  of  other  occupation  prevented 
my  carrying  out  this  intention.  The  details  and  explanations,  as  far  as  they 
are  given  in  the  present  work,  may  suffice  to  make  known  the  character  of 
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230.  No  account  has  been  taken  in  the  preceding  explana- 
tions of  any  effect  on  the  Circle-reading  that  may  be  due  to 
errors  of  graduation,  which  at  Greenwich  are  carefully  deter- 
mined, and  allowed  for  in  the  reduction  of  the  observations. 
Respecting  this  source  of  error  as  affecting  observations  with  the 
Cambridge  Circle,  I  am  only  able  to  say,  that  since  the  correc- 
tions of  the  assumed  colatitude  obtained  in  the  years  1836, 1837, 
and  1838  by  observations  made  with  the  telescope  in  three  differ- 
ent positions  on  the  Circle  were  +0",01,  —  0",18,  and  —  0",12 
respectively  (see  Art.  220),  the  close  agreement  of  these  results 
may  be  regarded  as  evidence  that  the  Circle-readings  were  very 
little,  if  at  all  sensibly,  affected  by  errors  of  graduation  (see  Art. 
158),  considering  that  a  difference  of  latitude  equal  to  0",1  cor- 
responds to  only  10  feet  on  the  earth's  surface. 

IV.  CALCULATION  OF  THE  MEAN  NORTH  POLAR  DISTANCES 
OF  STARS,  AND  OF  THE  GEOCENTRIC  NORTH  POLAR 
DISTANCES  OF  THE  SUN,  MOON,  AND  PLANETS. 

231.  After  correcting  the  observed  zenith  distance  of  any 
object  for  refraction,  and  adding  an  assumed  value  of  the  cdlati- 
tude  (Art.  220),  the  result  is  its  apparent  North  Polar  Distance 
subject  to  farther  correction  for  the  error  of  the  assumed  colati- 
tude and  the  discordance  of  zenith  points.   As  these  two  correc- 
tions are  always  of  very  small  amount,  instead  of  taking  account 
of  them  for  each  observation,  it  is  preferable,  when  the  object  is 
a  Star,  to  determine  the  star's  mean  polar  distance  for  the  be^ 
ginning  of  the  year  by  applying  to  the  uncorrected  apparent 
polar  distance  the  value  of  +  (&'  —  S)  calculated  by  the  formulae 
given  in  Arts.  146  and  147,  and  afterwards  to  obtain  the  mean 

the  experiment,  and  so  much  of  its  results  as  may  possess  scientific  value. 
Nothing  relating  to  them  has  been  previously  published,  except  a  brief  abstract 
of  results  in  a  Letter  inserted  in  Vol.  v.,  No.  100,  page  28,  of  The  Astronomical 
Journal,  and  addressed  to  Dr  Gould  the  Editor.  In  the  same  letter  I  took 
occasion  to  state  that  the  experiment  gave  the  means  of  determining  the  law 
of  flexure  of  a  loaded  beam  for  different  angular  elevations,  and  that  this  law 
was  shewn  to  be  approximately  expressed  by  the  formula  A  sin  Z,  but  more 
exactly  by  the  formula  A  sin  Z  +  B  sin2  Z,  Z  being  the  angular  distance  from 
the  vertical. 

c.  15 
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of  all  such  determinations  made  in  the  course  of  the  year.  It 
will  then  suffice  to  apply  to  this  mean  a  correction  for  error  of 
assumed  colatitude  and  discordance  of  zenith  points  interpolated 
from  a  Table  including  both  kinds  of  correction,  with  polar 
distance  for  argument,  the  discordance-correction  having  been 
deduced  from  all  the  double  observations  of  the  year.  (See 
Arts.  217  and  218.)  The  values  of  mean  polar  distance  thus 
derived  from  the  observations  of  different  years  can  subsequently 
be  referred  to  January  1  of  a  given  year,  by  applying  annual 
variations  calculated  by  the  formula,  —  n  cos  a,  in  Art.  145,  and 
thus  a  concluded  mean  N.  P.  D.  be  obtained  depending  on  a 
large  number  of  observations.  This  process,  combined  with 
that  for  calculating  concluded  mean  R.  A,  described  in  Art.  154, 
gives  the  means  of  forming  a  Catalogue  of  the  mean  places  of 
stars  for  a  given  epoch. 

232.  In  observations  of  the  Sun,  Moon,  and  Planets,  the 
corrections  for  discordance  of  zenith  points  have  to  be  applied  to 
the  polar  distances  severally,  and  may  either  be  deduced,  in 
conjunction  with  the  correction  for  error  of  assumed  colatitude, 
from  the  above-mentioned  Table,  or  be  added  to  that  correction 
after  being  taken  by  measurement  with  compasses  and  scale 
from  the  discordance-curve  (Art.  218).  By  these  means  the 
local  polar  distance  of  a  bisected  north  or  south  limb  of  any  of 
these  bodies  is  accurately  determined,  and  to  obtain  the  geocen- 
tric polar  distance,  it  is  only  required  to  subtract  therefrom  the 
parallax,  which  is  the  angle  subtended  at  the  observed  limb  by 
the  radius  from  the  earth's  centre  to  the  place  of  observation. 
Let  p  be  this  angle,  P  the  equatorial  horizontal  parallax  of  the 
body's  centre,  P  -f-  a  that  of  the  limb,  Z  the  zenith  distance  by 
the  observation,  p  the  local  terrestrial  radius,  and  e  the  local 
angle  of  the  vertex  ;  then  (Art.  124), 

sinjp  =p  sin  (P+  a)  sin  (Z  —  e). 

In  using  this  formula  for  the  Moon,  the  value  of  P,  as  obtained 
by  interpolation  to  second  differences  from  the  Nautical  Almanac, 
may  at  present  be  adopted  without  correction  ;  but  it  would  not 
be  sufficiently  exact  to  substitute  p  and  P  for  their  sines,  on 
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which  account  it  is  convenient  to  construct  a  Table  from  which, 
within  the  limits  of  the  values  of  P,  the  arc  may  be  readily 
inferred  from  the  sine,  and  the  sine  from  the  arc.  (Such  a 
Table  is  given  in  the  Greenwich  Observations  of  1874,  p.  cxxix.) 
The  small  quantity  a,  required  to  be  added  to  Pto  obtain  exactly 
the  parallax  of  the  Limb,  may  be  derived  by  interpolation  from 
the  subjoined  values,  which  have  been  extracted  from  a  general 
Table  contained  in  the  Cambridge  Observations  ,  Vol.  IV.  for 
1831,  p.  147,  having  been  constructed  by  Professor  Airy  to  be 
used  in  the  calculation  of  Occultations  by  the  Moon  for  obtaining 
the  parallax  of  any  point  of  her  periphery  : 

Zenith  Distance..  .30°        40°  50°         60°        70°        80° 

Corn.forN.L...  -0",03  -0",05  -0",06  -0"08  -0",09  -0",09 
Cortt.forS.L...  +  0",10  +(T,12  +  0",13  +  0",15  +0",16-fO",16 


For  all  the  bodies  except  the  Moon  the  formula  p  =  P  sin  (Z—  e) 
is  sufficiently  approximate.  The  Equatorial  Horizontal  Paral- 
laxes may  either  be  adopted  from  the  Nautical  Almanac,  or 
computed  from  that  of  the  Sun  and  the  Log.  of  true  distance 
from  the  Earth  given  in  Ephemerides*  {For  the  Cambridge 
Observatory  p=  [9,9990916]  and  e  =  11'.  12".} 

233.  Parallax  having  been  taken  into  account  in  the  manner 
above  stated,  the  geocentric  polar  distance  of  the  centre  of  the 
body,  being  the  mean  between  the  polar  distances  of  the  limbs, 
may  be  at  once  inferred  when  the  north  and  south  limbs  have 
been  both  observed,  and  corrections  have  been  applied  for  defect 
of  illumination.  The  difference  between  these  polar  distances 
is  a  measure  of  the  geocentric  diameter.  If  only  one  limb  be 
bisected,  the  polar  distance  of  centre  i&  obtained  by  adding  the 
value  of  the  geocentric  semidiameter  to  the  polar  distance  of 
the  north  limb,  and  subtracting  it  from  that  of  the  south  limb. 
This  value,  if  not  adopted  from  the  Nautical  Almanac,  might  be 
computed  either  from  a  sufficient  number  of  Circle  measures  of 
diameter,  such  as  that  just  mentioned,  or  from  the  mean  result 
of  measures  taken  expressly  for  the  purpose  with  an  Equatorial 
instrument,  it.  being  supposed  that  the  Log.  distance  of  the  body 
from  the  Earth,  which  is  required  for  such  computation,  is 

15—2 
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supplied  by  the  theory  of  gravity.  For  instance,  from  68 
measures  of  the  Moon's  diameter  obtained  in  the  years  183G — 
1842,  partly  by  differences  of  transits  of  limbs  taken  with  the 
transit-instrument  and  five-feet  Equatorial,  and  partly  by 
Circle  measures  of  diameter,  I  found  that  the  semidiameter 
adopted  at  that  time  in  the  Naut.  Aim.  required  the  correction 
+  2",21.  (Cambridge  Observations,  Vol.  xiv.  for  1842,  p.  xxxviii  ) 
It  will  be  proper  to  mention  here  that  the  corrections  of 
Mr  Baldrey's  transits  of  limbs  spoken  of  in  Art.  135,  were  de- 
duced by  taking  as  standards  my  own  transits  of  limbs,  which, 
in  the  case  of  the  Sun,  gave  values  of  diameters  agreeing  very 
nearly  with  those  of  the  Naut.  Aim.,  while  the  latter,  according 
to  the  results  of  Mr  Glaisher's  Circle-measures  in  the  5  years 
1836 — 1840,  required  a  correction  not  larger  than  —  0",16.  (See 
Vol.  xiil.  pp.  xxii  and  xxiii.) 

234.  In  the  reduction  of  meridional  observations  of  the 
Moon  I  have  taken  account  of  the  above  correction,  4-  2",21,  of 
semidiameter ;  but  for  reduction  to  centre,  in  the  cases  of  obser- 
vations of  a  single  Limb  of  the  Sun,  I  adopted  without  change 
the  semidiameters,  and  sidereal  intervals  occupied  by  transits  of 
semidiameters,  given  in  the  Nautical  Almanac.  At  the  same 
time  yearly  comparisons  of  numerous  diameters  derived  from 
observation  with  tabular  values,  have  furnished  data  for  ascer- 
taining what  amount  of  correction  the  assumed  value  of  the 
Sun's  semidiameter  at  the  earth's  mean  distance  may  require. 
The  tabular  semidiameters  (as  also  the  parallaxes)  in  the  Naut. 
Aim.,  are  at  present,  in  consequence  of  corrections  applied  from 
time  to  time  for  reasons  drawn  both  from  theory  and  observa- 
tion, more  likely  to  be  trustworthy  than  at  the  period  referred 
to  in  Art.  233.  In  the  Greenwich  calculations  of  the  Apparent 
R.  A.,  and  Geocentric  N.  P.  D.,  of  centre  from  observations 
with  the  Transit  Circle  made  in  1874,  the  adopted  parallaxes 
(those  of  the  Moon  corrected  as  stated  in  Art.  232)  and  the 
semidiameters  are  all  interpolated  from  the  Naut.  Aim.,  with 
the  following  exceptions  pertaining  to  cases  in  which  only  one 
Limb  was  observed.  For  these  the  tabular  semidiameter  of  the 
Sun  is  corrected  by  —  0",53,  to  agree  with  the  value  derived 
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from  the  observations  of  several  previous  years ;  those  of  Mars, 
Jupiter,  and  Saturn  are  corrected  from  the  results  of  neighbour- 
ing observations ;  and  to  the  semidiameter  of  Venus  a  special 
correction  is  applied,  the  amount  of  which,  as  given  in  the 
Greenwich  Observations  of  1874,  page  Ixxii,  is  +  0",392  +  0,027 
x  tabular  semidiameter.  This  expression  was  deduced  by 
Mr  Stone  from  370  vertical  measures  of  diameter  taken  with 
the  Greenwich  Transit  Circle  from  1851  to  1862.  (See 
Monthly  Notices  of  the  R.  Ast.  Society,  Vol.  xxv.,  No.  3,  p.  57.) 
The  reasons  for  applying  such  a  correction  may  be  gathered 
from  the  following  investigation,  which,  however,  is  founded  on 
observations  of  Venus  made  with  the  Cambridge  Mural  Circle. 

235.  It  being  understood  that  each  vertical  measure  of  the 
Planet's  diameter  is  compared  with  the  diameter  computed  in  the 
Naut.  Aim.,  let  e  be  the  excess,  in  any  particular  instance,  of  the 
tabular  above  the  observed  value.  Then  if  the  latter  should  be 
affected  by  a  constant  error  such  that  the  observed  always  exceeds 
the  true  value  by  the  constant  E,  the  excess  of  the  tabular  above  the 
true  diameter  will  be  e  +  E.  Again,  suppose  the  tabular  diameter  to 
be  A,  and  the  true  diameter,  by  reason  of  error  in  the  value  assumed 
for  the  unit  of  distance,  to  be  A  (1  —  e).  Then  eA,  being  the  excess 
of  the  tabular  diameter  above  the  true,  is  equal  to  e  +  E  •  or, 
e  —  cA  +  E  =  0.  Hence  if  values  of  e  and  A,  extracted  from  a  Table 
of  the  above-mentioned  comparisons,  be  substituted  in  this  equation, 
as  many  different  equations  will  be  formed  as  there  are  observations 
for  comparison,  and  if  the  number  be  large,  by  dividing  them  into  two 
groups,  values  of  e  and  E  may  be  deduced,  the  probable  errors  of 
which  may  be  presumed  to  be  small.  For  example,  I  formed  78  such 
equations  from  the  Circle  measures  of  diameter  in  1838,  and  as  the 
Planet  passed  through  conjunction  in  the  first  half  of  the  year  and 
through  opposition  in  the  other,  the  equations  pertaining  to  the  two 
halves  were  put  in  separate  groups,  the  mean  result  from  which  gave, 
€  =  -0,0267  and  -#=s  +  0",94.  From  74  equations  derived  from 
measures  in  1839,  and  similarly  treated,  it  was  found  that  e-  -  0,0375 
and  -#  =  -f-0",40.  Hence  the  mean  results  of  the  152  measures  arc, 
€=:_  0,0321,  and  ^=  +  0",67.  As  the  tabular  diameter  for  unit  of 
distance  was  8",  2 5,  the  true  diameter  according  to  this  investiga- 
tion is  8",25(1+ 0,032)  =  8",51.  Also  the  half  of  E,  0",34,  is  the 
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apparent  enlargement  of  the  semidiameter.  This  effect  I  supposed 
to  be  due  to  irradiation1.  (See  Cambridge  Observations,  Vol.  xi.  for 
1838,  p.  li,  and  Vol.  xn.  for  1839,  p.  xx.)  «* 

236.  It  only  remains  to  make  mention  of  a  correction  of 
the  observed  N.  P.  D.  which  may  be  required  on  account  of 
error  of  position  of  the  plane  of  collimation.     It  has  already 
been  stated  in  Art.  174  that  transits  of  known  stars  are  usually 
taken  from  time  to  time  with  the  Circle-telescope  in  order  to 
determine  the  deviation  (in  time)  of  its  pointing  from  the  meri- 
dian for  any  polar  distance.     A  correction  for  reduction  to  the 
meridian  is  in  strictness  required  on  account  of  such  deviation ; 
but  after  adjusting  the  Circle  in  the  manner  described  in  Arts. 
167 — 172,  the  amount  can  be  sensible  only  in  observations  of 
the  Moon,  and  in  case  the  change  of  her  N.  P.  D.  is  rapid.    (In- 
stances of  data  from  observations  of  stars  for  calculating  this 
correction  are  given  in  the  Cambridge  Observations,  Vol.  XVIII. 
pf  xlix,  and  Vol.  XIX.  p.  xxx.) 

237.  Having  now  gone  through  the  treatment  of  Circle 
observations  under  the  four  Divisions,  I  propose  to  add  exam- 
ples of  the  complete  reduction  of  observations  taken  with  the 
Cambridge  Mural  Circle,  both  when  the  object  is  a  star,  and 
when  it  is  a  moving  body.     The  subjoined  instances  will  serve 
to  exemplify  the  application  of  most  of  the  various  calculations 
that  have  been  under  consideration. 

1856,  April  23, 10h,  S  Ursee  Majoris  was  observed  by  reflection  (R) 
at  the  mid-wire,  and  directly  (D)  at  three  intervals  from  the  mid-wire. 
The  micrometer-reading  both  for  R  and  D  was  8r,176,  and  the 
reference  reading  9r,000.  One  micrometer  revolution  =  20",869. 
Barometer,  29^,880;  External  Thermometer,  44°, 3 ;  Approximate 

1  The  investigation  by  Mr  Stone  cited  in  Art.  234  is  similar  to  the  above. 
From  219  observations  made  with  the  Greenwich  Mural  Circle  in  1839 — 1850, 
and  370  made  with  the  Transit  Circle  in  1851—1862,  he  obtains  for  the  semi- 
diameter  at  the  unit  of  distance,  8",  47.  He  also  finds  that  the  apparent 
enlargement  of  semidiameter  is  0",729  by  the  former  instrument,  and  0",392  by 
the  other,  and  remarks  that  as  these  quantities  are  nearly  in  the  inverse  ratio 
of  the  diameters  (4  inches  and  8  inches)  of  the  object-glasses,  they  might  be 
attributable  to  irradiation. 
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R.  A.  of  >j<,  12h.  8m ;  Approximate  Decl.,  +  57°.  50'.      For  the  direct 
observation  "Negative  Correction  for  Runs"  was  noted. 


Pointer  Reading  ,  

«  Ursse  Maj.  (R) 

0          /          '/ 

162   15 

S  Ursae  Maj.  (D) 

0           '          I' 

331     0 

Microscope  A.  

3   63,1 

4  52,6 

B 

63  6 

48,8 

C. 

641 

50,8 

D.... 

59,2 

43,4 

E... 

60,6 

49,3 

F  

63  7 

50,0 

Correction  for  Run  of  +  0",  9     

+  0  7 

(N.  C.)      0,0 

Mean  of  Microscope  Readings  .... 

162   19     2  50 

331     4  49,15 

Micrometer  correction    

-f  1720 

+  17,20 

Reduction  to  Meridian  

0,00 

+  2,14 

Concluded  Circle  Reading  

162   19   19,70 

331     5     8,49 

Adopted  Zenith  Point  

336  42   12,73 

336  42  12,73 

Apparent  Zen.  Dist.  South  ...    . 

.    ...    -5  37     6,97 

-5  37     4,24 

Refraction-correction  

-5,80 

-5,80 

Assumed  Colatitude    

37  47     8  00 

37  47     8  00 

Apparent  North  Polar  Distance 

32     9  55  23 

32     9  57,96 

Reduction  to  Mean  N.  P.D  

+2,31 

+  2,31 

Mean  N.  P.  D.,  1856,0    

32     9  57,54 

32   10     0,27 

Corn.  for  discordance  of  Z.  P  

+0,35 

-0,35 

Cor™,  of  assumed  Colatitude 

+  0  37 

+  0,37 

Concluded  Mean  N.  P.  D.,  1856,0 

32     9  58,26 

32   10     0,29 

The  micrometer  correction  =  (9,000  -  8,176)  x  20",869.    The  cor- 
rection for  Runs  applied  in  the  reflection  observation  =  -  x  +  0",9 ; 

for  the  other  observation  the  correction  is  0",0  because  "Negative 
correction"  was  recorded  (see  Art  179).  The  reduction  to  meridian 
for  three  intervals  in  the  direct  observation  =  0",1503  x  3*xtan57°.50'; 
in  the  other  the  reduction  is  zero  because  the  mid-wire  was  nearly  in 
the  meridian  (see  Art.  198).  The  observer  noted  that  the  reflected 
image  of  the  star  was  "much  diffused,"  and  that  the  reflection 
observation  was  "worth  little."  I  find,  in  fact,  by  comparison  with 
other  observations  of  the  star,  both  at  Greenwich  and  Cambridge,  that 
this  observation  is  discordant. 

1856,  October  2,  both  Limbs  of  the  Sun  were  observed,  N.  L.  at 
two  intervals  before,  and  S.  L.  at  two  intervals  after,  mid- wire.     One 
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equatorial  interval  =  16s,  6.  The  micrometer  reading  =  16r,  482  for 
each  Limb;  reference  reading  =  9r,000.  One  micrometer  revolution 
=  20",869.  Approximate  declination  of  the  Sun's  centre,  —  3°.  45'. 
Horary  variation  of  declination  =-58",  12.  Barometer,  29in-,766; 
External  Thermometer,  61°,  3. 


Pointer  Reading     

Sun  N.  L. 

0        '             " 

32  25 

Sun  S.L. 

0        '              V 

32   55 

Microscope  A  

0     33  4 

2     31  3 

B. 

37  0 

37  0 

C. 

33  6 

304 

D.  ., 

274 

244 

E. 

300 

273 

F 

33  2 

298 

Correction  for  Run  of  +  2",3    .  .  . 

+  0,2 

+  1,1 

Mean  of  Microscope  readings  .  .  . 
Micrometer  correction 

32   25   32,47 
-  2   36  14 

32   57   30,22 
-2  36,14 

Corn.  for  curvature  of  path  

-0,04 

-0,04 

Cor",  for  change  of  declination... 

+  0,54 

-0,54 

Concluded  Circle  Reading    

32   22   56  83 

32   54   53,50 

Adopted  Zenith  Point  

336  42   15  68 

336  42   15,68 

Apparent  Zen.  Dist.  south  

+  55  40  41,15 

+  56   12  37,82 

Refraction-correction 

+  1   22,88 

+  1   24,54 

Assumed  Colatitude    . 

37  47     8  00 

37   47     8,00 

Apparent  N.  P.  D.  of  N.  L  
,,           ,j         S.  L  

93  29   12,03 
94     1   10,36 

App*.  Diamr.          31  58,33 

Apparent  N.  P.  D.  of  centre  

93  45   11,20 

Parallax  corn.              -  0,04 

Correction  for  Parallax 

-7  08 

Geoc    Diamr.  by)  0-.    KQ  On 

Corn.  for  discordance  of  Z.  P.  ... 
Cor",  of  assumed  Colatitude  

+  0,68 
+  0,37 

observation          \  31  58'29 
Tabular                 32     1,76 

Concluded  Geocentric  N.  P.  D.  ... 
Seconds  of  Tabular  N.  P.  D  

93  45     5,17 
4,53 

Excess  of  Ta-  )               „  17 
bularDiam'.  } 

Excess  of  Tabular  N,  P.  D  

-0,64 

The  corrections  for  Runs  are  +  2", 3  x  -£-  and  +  2", 3  x  -'-  .     The 

o  o 

micrometer  correction  =  (9,000  -  16,482)  x  20",869.     Correction  for 
curvature  of  path  =  -0",1503  x  22  xtan3°.45'  (Arts.  199  and  201), 

2x  1 6,6  x  sec.  3°.  45' 
correction  tor  change  ot  decl.  =—  a "~       -  x  Do  ,12,  and  is 
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plus  for  N.  L.  and  minus  for  S.  L.  (Art.  204).  For  these,  as  for  all 
other  observations,  the  refractions  were  calculated  by  Bessel's  Tables 
(see  Art.  215).  The  Parallax,  taking  8",5776  to  be  the  Sun's  Equat. 
Hor.  Parallax,  is  [0,9325]  xsin(^-e)  (see  Art.  232),  which  gives 
7",06  for  N.  L.,  7",  10  for  S.  L.,  7",08  for  centre,  and  -  0",04  for  the 
parallactic  correction  of  measured  diameter.  The  corrections  for 
discordance  of  zenith  points  applied  to  the  observations  both  of  April 
23  and  October  2,  were  derived  from  a  Table  calculated  for  the  year 
1856,  and  contained  in  page  Ivi.  of  Yol.  xx.  of  the  Cambridge 
Observations. 


THE  TRANSIT  CIRCLE. 

238.  Although  in  treating  of  the  Transit  Instrument  and 
Mural  Circle  separately  all  explanations  have  been  given  that 
are  essential  for  understanding   the   taking   and   reducing   of 
meridian  observations,  it  will  be  proper  to  add  some  account  of 
the  construction  and  use  of  a  Transit  Circle,  this  instrument 
being  adaptable  by  itself  to  every  kind  of  meridional  observa- 
tion, and  at  the  present  time  very  generally  employed  in  large 
Observatories.     In  speaking  of  the  latest  improvements   that 
have  been  made  in  the  instrumental  means  of  taking  meri- 
dian observations,  I  have  already  had  occasion  to  advert  to 
various  particulars  relating  to  the  observational  apparatus  of 
the  Greenwich  and  Cambridge  Transit  Circles1:  my  object  at 
present  is  to  give  a  description  in  detail  of  the  latter  instru- 
ment, making  use  for  that  purpose  of  Plate  III.  (taken  from  a 
Photographic   Picture),  with   accompanying   explanations   and 
remarks.     [The  Greenwich  Transit  Circle  is  described  in  full 
detail  in  Appendix  I.  of  the  Greenwich  Observations  of  1852.] 

239.  The  Cambridge  Transit  Circle  was  constructed  and 
mounted  by  Mr  Simms,  and  in  December  1870  was  completely 

1  Notices  respecting  the  parts  and  uses  of  a  Transit  Circle,  as  distinguished 
from  those  of  the  Transit  Instrument  and  Mural  Circle,  are  contained  in  the 
following  Articles :  6,  7,  29,  34  (note  p.  28),  37,  38,  43  (note  p.  36),  47,  48 
(note  p.  40),  33—66,  58,  64,  86,  102  (note  p.  98),  112, 116, 128,  137  (note  p.  148), 
164  (note  p.  159),  173,  196,  202,  206,  208. 


234  PRACTICAL   ASTRONOMY. 

ready  for  use.  The  following  account  of  it  is  extracted  from 
the  Report  of  the  Council  of  the  Royal  Astronomical  Society, 
February  10,  1871,  under  the  head  of  The  Cambridge  Observa- 
tory. (Monthly  Notices,  Vol.  xxxi.  p.  106.)  "  Professor  Adams 
believes  that  this  instrument,  for  which  the  Observatory  is 
indebted  to  the  munificence  of  Miss  Sheepshanks1,  will  prove 
to  be  one  of  the  finest  of  its  class.  The  object-glass  of  the 
telescope  is  an  excellent  one,  by  Cooke,  of  8  inches  aperture 
[and  about  9  feet  focal  length].  There  are  two  divided  circles 
of  3  feet  in  diameter,  one  of  them  being  fixed  relatively  to  the 
axis  of  the  telescope,  and  the  other  moveable  and  capable  of 
being  clamped  to  the  axis  in  any  position.  Each  of  the  divided 
circles  is  read  off  by  means  of  four  micrometer  microscopes, 
and  additional  microscopes,  if  required,  may  be  readily  applied. 
There  are  two  collimating  telescopes  each  of  6  inches  aperture, 
which  can  be  directed  upon  each  other  through  an  opening  in 
the  central  cube.  A  powerful  apparatus  is  likewise  provided 
by  which  the  instrument  may  be  readily  and  safely  reversed 2. 
There  are  no  screw  adjustments  for  azimuth  and  level,  but  the 
axis  of  the  instrument  is  brought  into  its  definitive  position  by 
scraping  the  Y supports3." 

The  following  additional  particulars  are  given  in  the  Monthly 
Notices,  Vol.  xxxn.  p.  151.  "  Small  buildings  have  been  erected 
over  the  collimators,  which  are  now,  therefore,  virtually  in  the 
same  room  with  the  Transit  Circle,  and  the  consequent  steadi- 
ness in  the  images  of  the  collimator  wires  is  very  remark- 
able." 

"Mr  Graham  [First  Assistant  at  the  Cambridge  Observa- 
tory] has  adopted  a  method  of  determining  the  intervals  of  the 
right-ascension  wires  which  has  been  found  to  be  very  accurate 

1  The  donation  in  1863  of  £2000  by  Miss  Sheepshanks,  to  be  employed  for 
the  benefit  of  the  Cambridge  Observatory,   with  special    preference  for  its 
application  in  the  purchase  of  one  or  more  large  instruments,  and  the  legacy 
in  1858  of  £10,000,  left  by  her  brother,  the  Rev.  R.  Sheepshanks,  for  the  pro- 
motion of  the  science  of  Astronomy  in  the  University,  are  recorded  in  the  yearly 
issues  of  the  Cambridge  Calendar  under  the  head  of  The  Observatory. 

2  See  Note  2  to  Art.  48,  p.  40. 

3  See  at  the  end  of  Art.  47. 
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and  convenient.  The  eye-piece  is  turned  through  90°,  and  each 
of  the  right-ascension  wires,  now  become  horizontal,  is  in  turn 
directed  to  the  horizontal  wires  of  either  collimator,  and  the 
corresponding  readings  of  both  circles  are  taken.  The  values 
of  the  revolutions  of  the  micrometer-screws  have  been  found  in 
a  similar  way  with  great  accuracy." 

240.  In  Plate  III.,  0  is  the  object-end  of  the  telescope, 
and  a,  6,  c,  d,  e,  f  are  the  positions  of  mechanical  arrangements 
at  the  eye-end  adapted  to  the  following  purposes  :  at  a  are  two 
graduated  micrometer-heads  with  fixed  indices,  one  for  reading 
off  the  integral  micrometer  revolutions,  and  the  other  the  parts 
of  a  revolution,  whereby  the  position  of  the  wire-frame  in  the 
vertical  direction  is  recorded.     The  latter  micrometer-head  is 
turned  by  hand,  and  by  tooth-and-wheel  action  turns  the  other 
in  the  required  ratio.     Apparatus  of  exactly  the  same  kind  is 
provided  for  moving  the  wire-frame  in  the  horizontal  direction, 
and  both  are  covered  by  the  angular  plate  6,  which  is  attached 
for  preventing  accidental  disturbances  of  the  micrometer-heads, 
and  may  be  readily  detached  as  occasion  requires.     In  taking 
an  observation  the  eye-piece  is  shifted  horizontally  by  turning 
the  milled  head  c,  and  by  turning  that  at  d  it  may  be  shifted 
vertically  and  independently  of  the  horizontal  movement,  so 
that  by  the  two  movements  the  position  of  the  eye-piece,  within 
certain  limits,  may  be  changed  ad  libitum.    Turning  the  milled- 
head  at  e  regulates  the  illumination  of  the  field,  or  of  the  wires. 
(See  Arts.  37  and  38.)     At  f  there  are  two  sets  of  antagonistic 
screws,  acting  in  transverse  directions,  one  for  turning  the  eye- 
end  bodily  about  the  axis  of  the  telescope,  and  the  other  for 
changing  its  distance  from  the  object-glass.     (See  Arts.  36  and 
83.)     The  former  action  is  explained  in  Art.  163,  and  in  p.  157 
is  represented  by  the  part  of  Figure  31  indicated  by  the  letter 
C.     At  g,  g  are  the  setting~circles,  respecting  which  and  the 
mode  of  using  them,  in  the  case  of  non-reversion  of  the  instru- 
ment, see  what  is  said  in  Art.  196. 

241.  Relatively  to  the  wires  used  in  taking  transit  obser- 
vations  it  is  requisite  to  state,  that  as  there  is  no  vertical 
micrometer-wire,  the  abbreviated  method  of  observing  transits 
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of  stars  near  the  Pole,  described  in  Art.  112,  cannot  be  con- 
veniently made  use  of;  on  which  account  six  wires,  in  addition 
to  the  usual  number  of  seven,  have  been  inserted  and  arranged 
as  follows.  Supposing  the  whole  system  of  wires  to  be  A,  B,  C, 
a,  ft  7,  D,  8,  e,  f,  E,  F,  G,  the  intervals  between  A,  B,  C,  D,  E, 
F,  G  are  quam  proxime  equal  and  of  usual  magnitude,  while 
those  between  (7,  a,  ft  7  and  those  between  8,  e,  £  E  are  all 
equal  but  much  smaller,  and  considerably  smaller  than  the 
remaining  intervals  between  7,  D,  8.  Polaris  and  other  stars 
in  proximity  to  the  Pole  are  observed  at  the  wires  (7,  a,  ft  7, 
D,  8,  e,  f,  E}  and  the  larger  intervals  from  7  to  D  and  from  D 
to  8  allow  of  observing  them  both  by  reflection  and  directly 
at  the  same  meridian  transit. 

242.  After  what  has  been  said  in  Arts.  53 — 56  respecting 
the  construction  and  use  of  collimators,  it  will  suffice  to  men- 
tion the  following  particulars  respecting  those  of  the  Cambridge 
Transit  Circle.  The  focal  length  of  each  is  very  nearly  6J  feet. 
In  Plate  III.,  /  is  the  opening  in  the  central  cube  through 
which  the  collimators  are  pointed  towards  each  other  (Art.  239). 
At  the  geometrical  focus  of  the  south  collimator,  there  are  two 
parallel  wires,  separated  by  a  small  interval,  and  crossing  the 
middle  of  the  field  vertically,  and  also  two  other  wires  intersect- 
ing near  the  middle  of  the  field,  and  inclined  by  equal  small 
angles  to  a  horizontal  direction  passing  through  their  point  of 
intersection.  These  two  sets  of  wires  are  attached  to  the  same 
frame,  which  is  moveable  in  the  horizontal  direction  by  turning 
a  graduated  micrometer-head.  At  the  geometrical  focus  of  the 
north  collimator  there  are  two  like  sets,  but  the  parallel  wires 
are  horizontal  and  the  crossing  wires  are  inclined  by  equal 
small  angles  to  the  vertical  direction.  For  determining  colli- 
mation  error,  first,  the  parallel  wires  of  the  south  collimator  are 
moved  by  turning  the  micrometer-head  into  a  position  such 
that  the  image  of  the  point  of  intersection  of  the  cross  wires  of 
the  north  collimator  is  exactly  mid-way  between  them,  and  at 
the  same  time  near  the  place  of  their  intersection  by  the  image 
of  the  north  collimator's  parallel  wires.  Then,  after  pointing 
the  telescope  to  the  south  collimator,  the  part  of  the  wire  D 
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near  the  centre  of  the  field  is  placed  by  the  telescope-micro- 
meter mid-way  between  the  images  of  the  collimator's  parallel 
wires,  and  upon  turning  the  telescope  to  the  north  collimator, 
the  same  part  of  D  is  made  by  the  micrometer-movement  to 
bisect  the  image  of  the  cross  wires  of  that  collimator.  These 
operations  having  been  performed,  and  the  micrometer-readings 
recorded  (six  or  more  times  for  each  pointing  of  the  telescope), 
from  the  difference  of  the  means  of  the  readings  the  error  of 
collimation  may  be  calculated,  as  shewn  in  Art.  55,  and  if  of 
excessive  amount  might  be  mechanically  corrected.  The  pa- 
rallel horizontal  wires  of  the  north  collimator,  and  the  vertical 
cross  wires  of  the  south  collimator,  might  be  employed  in  an 
analogous  manner  for  determining  by  the  process  explained  in 
Arts.  222  and  223  the  amount  of  horizontal  flexure. 

243.  The  East  and  West  Piers,  which  are  those  of  the  old 
Transit-instrument  reduced  in  height,  are  found  to  give  suffi- 
ciently steady  support  to  the  much  heavier  Transit  Circle.  They 
are  surmounted  by  strong  iron  pillars  Ky  with  which  the  Fs  in 
which  the  pivots  rest  have  rigid  connection,  so  as  not  to  be 
susceptible  of  any  screw  adjustment  (see  Art.  47).  The  arrange- 
ments relative  to  the  graduations  and  microscopes  are  the  same 
on  the  East  and  West  sides  of  the  telescope,  being,  in  fact, 
mutually  convertible  by  a  reversion  of  the  instrument.  (The 
reference  letters  are  generally  the  same  for  both  sides.)  G,  G 
are  the  graduated  circles,  turning  with  the  instrument  about 
the  horizontal  axis,  that  on  the  West  side  having  a  permanent 
position  relative  to  the  axis,  and  that  on  the  East  side  capable 
of  being  shifted  rotationally  into  any  position  relative  to  the 
graduation  of  the  other.  To  the  wheels  F  with  axle  and  spokes 
are  attached  four  micrometer-microscopes  A,  B,  C,  D,  pointing 
to  the  graduations  on  the  circles  G.  The  weight  of  F  is 
counterpoised  by  two  weights  W,  one  on  each  side  of  the  axis, 
the  fulcrum  being  the  pillar  K.  H  is  an  additional  microscore 
also  directed  to  the  graduation,  but  only  used  as  a  pointer,  or 
for  more  exact  setting,  its  reading  for  the  setting  being  pre- 
viously calculated  to  the  nearest  minute.  For  instance,  to  set 
for  a  reflection  observation  so  as  to  secure  that  the  star  shall 
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cross  very  near  the  middle  of  the  field,  the  setting  would  first 
be  performed  in  the  usual  manner  by  the  setting  circle,  and 
then,  if  on  looking  into  microscope  H  it  should  be  found  to  be 
not  sufficiently  exact,  it  might  by  the  tangent-screw  movement 
be  readily  changed ;  after  which  the  bisections  of  the  gradua- 
tions by  the  four  microscopes  would  be  proceeded  with.  (See 
note  to  Art,  164  in  p.  159.)  The  rods  p,  p  acting  upwards  by 
weights  and  leverage,  as  already  described  at  the  end  of  Art.  29, 
sustain,  by  intervention  of  the  friction  wheels  m,  n,  the  greater 
part  of  the  weight  of  the  instrument,  and  thus  lessen  the  wear 
of  the  pivots  by  friction.  B/elative  to  the  apparatus  for  the 
Circle-readings  it  only  remains  to  mention,  that  the  parts 
marked  x,  x  furnish  means  of  adjusting  the  axes  of  the  wheels 
F  so  that  they  shall  be  nearly  in  a  line  with  the  axis  of  motion 
of  the  instrument. 

244.  The  apparatus  for  slow-motion  about  the  horizontal 
axis  is  attached  to  the  West  Pier.  At  i  there  is  a  small  screw 
the  end  of  which  abuts  on  a  collar  of  the  axis,  and  by  turning 
the  milled-head  at  h  this  end  is  made  to  act  on  the  collar,  and 
thereby  brings  down  the  parts  o,  o,  o,  the  uppermost  of  which 
is  a  half-ring  fitting  into  an  angular  groove,  the  pressure  on  the 
faces  of  which  clamps  the  instrument.  After  this  the  slow 
movement  is  effected  by  turning  the  handle  j,  which  by  screw- 
and-wheel  action  with  Hooke's  joint,  gives  horizontal  motion  to 
the  lower  end  of  the  apparatus  o,  o,  o.  On  tmclamping  by 
turning  h,  the  two  lower  parts  o,  o  are  upheld  by  the  upper 
half-ring  by  means  of  intermediate  screws  with  capstan  heads. 
The  handle  j  is  usually  supported  by  a  moveable  upright  stand 
(not  represented  in  the  Figure),  which  is  furnished  with  a  row 
of  hooks  for  placing  the  handle  in  a  position  convenient  to  the 
observer.  Similar  apparatus  at  h',  with  handle  and  Hooke's 
joint,  was  added,  at  Mr  Graham's  suggestion,  for  being  occa- 
sionally used  by  an  assistant,  especially  for  clamping  the  instru- 
ment in  different  positions  in  taking  zone  observations  of  stars, 
the  changes  of  setting  being  quickly  made  by  the  observer  by 
simply  pulling  a  string  tied  to  the  Circle  and  passing  over  a 
fixed  pulley. 
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245.  At  L  a  large  lens,  placed  on  a  stage,  not  only  throws 
light  from  a  paraffin  lamp  on  a  lens  near  the  end  of  the  trans- 
verse axis  for  the  illumination  of  the  field  and  wires1  (Art.  240), 
but  also,  by  means  of  transmission  of  light  through  glass  prisms 
suitably  formed  and  placed,  illumines  the  graduations  towards 
which  the  five  microscopes  are  directed.     $,  R,  r  are  parts  of  a 
rail  and  balustrade  for  the  observer  to  ascend  by  steps  t,  t  to 
take  his  position  for  reading  off  the  microscopes ;  p  is  part  of 
the  bracing  of  the  stage  for  supporting  the  lamp ;  q,  q  are  iron 
wires  for  propping  the  flap  U,  on  which,  as  there  is  occasion, 
the   observer  places  his  memorandum   book   and   hand-lamp. 
The  arrangements  for  illumining  the   field  of  view   and  the 
graduations,  and  reading  off  the  microscopes,  are  precisely  the 
same  on  the  eastern,  as  on  the  western  side,  the  interior  plate 
which  reflects  light  towards  the  field  being  adaptable,  by  turn- 
ing the  screw  e,  to  the  incidence  of  the  light  from  either  the 
western  or  eastern  lamp.     At  X  is  the  clock-face,  which  is 
illumined  by  a  large  lamp  moveable  by  a  hinged  support,  and 
can  be  looked  at  in  most  of  the  positions  occupied   by  the 
observer. 

246.  With  respect  to  the  means  employed  for  obtaining 
corrections  for  forms  of  the  pivots  of  the  Transit  Circle,  little 
need  be  said  in  addition  to  the  statements  made  in  the  Note 
to  Art.  102  in  page  98.     The  dot  is  marked  in  the  centre  of  a 
small  metallic  disk,  which  is  affixed  to  a  piece  of  plate-glass 
covering  the  end  of  the  opening  for  the  passage  of  the  rays  that 
illumine  the  field  of  view.     After  removing  the  lens  at  the  end 
of  the  axis   (Art.  245),  a  powerful   microscope-micrometer  is 
placed  so  that  an  image,  or  ghost,  of  the  dot  (suitably  illumined) 
is  formed  where  its  horizontal  and  vertical  coordinates  can  be 
measured   by   the   micrometer- wires.      The    arrangements   are 
precisely  the  same  at  the  two  ends  of  the  transverse  axis,  two 
microscope-micrometers  being  made  use  of.     For  adjusting  the 

1  Mr  Graham  informs  me  that  he  has  found  the  visibility  of  very  faint 
stars  to  be  sensibly  improved  by  interposing  between  the  lens  at  L  and  that  at 
the  extremity  of  the  axis  a  plate  of  red  glass,  which  by  means  of  an  attached 
string  can  be  readily  put  in  place  or  removed. 
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micrometer-wires  horizontally  and  vertically,  the  spirit-level 
apparatus  mentioned  in  clause  (3)  of  the  Note  in  page  98  is  had 
recourse  to,  but  not  till  its  indication  has  been  corrected  or 
verified  by  a  small  plumb-line  used  in  the  manner  described  in 
Art.  95  with  reference  to  the  Transit-instrument. 

247.     After  the  explanations  that  have  now  been  given  of 
the  processes  of  taking  and  reducing  meridian  observations,  it 
only    remains,   for    the    complete    determination    of    celestial 
positions,  to  deduce  from  observations  of  the  Sun  the  exact 
position,  at  any  epoch,  of  the  origin  of  right  ascension,  assumed 
to  be  the  point  of  intersection  of  the  Equator  and  the  Ecliptic, 
or  First  Point  of  Aries,  and  also  to  find  exactly,  for  the  same 
epoch,  the  inclination  of  the  Ecliptic  to  the  Equator,  or  The 
Obliquity  of  the  Ecliptic.     In  the  determination  of  these  two 
Elements  by  Flamsteed's  Method  (given  in  Arts.  137  and  138), 
only  observations  of  the   Sun  taken   near   the   times   of  the 
Equinoxes  are  employed ;   by  which  means  provisional  values 
may  be  obtained  sufficiently  accurate  for  adoption  by  the  theo- 
retical astronomer  for  the  purpose  of  expressing  his  theoretical 
places  in  right   ascension   and   polar   distance   for   immediate 
comparison   with  the  results  of  observation.     It  has  already 
been  intimated   (Art.   141)  that  it  is  usual  for  the  practical 
astronomer  to  employ  such   comparisons  for  obtaining   mean 
errors  of  the  Sun's  Tabular  right  ascension  and  polar  distance 
from  all  the  meridian  observations  of  the  Sun  in  the  course  of  a 
year,  and  thence  to  infer  the  error  of  the  assumed  Obliquity, 
and  the  mean  error  of  the  assumed  right  ascensions  of  the 
fundamental  stars.     These  coneoted  values  may  still  admit  of 
being  farther  corrected  by  a  continuation  of  the  series  of  ob- 
servations.    But   to   effect   these    corrections  so  as  to  obtain 
the  most  accurate  values  of  the  Solar  Elements  that   obser- 
vation is  capable  of  giving,  it  ;s  necessary  to  have  recourse  to 
the  Solar  Tables  themselves ;  which  is  done  on  principles  that 
are   quite   logical,  as   will  be  seen  from  the  following  expla- 
nations, which  are  applicable  to  the  method  employed  in  Vols. 
x — xx.  of  the  Cambridge  Observations.    (See  Vol.  xx.  pp.  xxxvi. 
and  96.) 
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248.  The  true  longitude  X  and  true  Polar  Distance  A  of 
the  Sun's  centre,  and  the  true  obliquity  of  the  Ecliptic  7,  are 
related  to  each  other  at  any  epoch  by  the  equation 

cos  A  =  sin X sin/; 

and  the  Tabular  Longitude  X  +  SX,  the  Tabular  Polar  Distance 
A  +  6A,  and  the  Obliquity  7 +87  assumed  in  the  Nautical 
Almanac,  for  the  same  epoch,  by  the  equation 

cos  (A  +  8A)  =  sin  (X  +  SX)  sin  (7+  37). 

Hence,  assuming  that  the  Tabular  errors  SA,  SX,  87  are  already 
so  small  that  powers  of  these  quantities  higher  than  the  first 
may  be  neglected,  we  have  by  expanding, 

~A      cosXsin7~        sinXcos/.,.  ,  .. 

oA  H -. — r — oXH : — r — o7=0 (A\ 

sin  A  sin  A 

The  reasoning  now  proceeds  on  an  assumption  which  is 
justified  by  the  existing  state  of  the  Solar  Theory,  namely,  that 
the  changes  of  the  values  of  X  and  7  in  the  course  of  a  year  are 
in  agreement  with  the  indications  of  theory,  and  consequently 
that  the  values  themselves  as  given  in  the  Nautical  Almanac 
are  affected,  if  by  any,  by  constant  errors,  which  it  is  proposed 
to  find. 

249.  The  actual  errors  of  the  Solar  Tables  in  Polar  Distance 
cannot  be  immediately  derived  from  comparisons  of  the  cal- 
culated with  the  observed  values,  because,  although  mere  errors 
of  observation  may  be  supposed  to  be  eliminated  in  the  mean 
result  of  a  large  number  of  observations,  there  may  still  remain 
uncorrected  instrumental  errors  and  errors  of  reduction.     Re- 
presenting, therefore,  by  a.  any  excess  of  the  tabular  above  the 
observed  polar  distance,  and  by  p  the  unknown  excess  of  the 
observed  above  the  true  polar  distance,  we  shall  have 

Excess  of  tabular  above  true  polar  distance  (=  SA)  =  a  +  p. 
As  we  are  ignorant  of  the  causes  to  which  p  may  be  owing, 
we  can  only  undertake  to  deduce  from  observation  the  mean 
of  its  values  within  the  limits  of  the  Tropics.  (See  what  is 
said  in  Art.  229.)  By  putting  m  for  sin  7  x  8X,  n  for  cos  7  x  67, 
and  a-f  p  for  £A,  the  equation  (A)  becomes 

a  +  m  cosec  A  cos  X  -f  n  cosec  A  sin  X  +  p  =  0. 
c.  16 
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Instead  of  forming  a  separate  equation  from  this  formula  for 
each  value  of  a,  let  the  whole  number  of  observations  be 
divided  into  twelve  groups,  the  mean  of  the  values  of  a  in 
each  group  be  calculated,  and  considered  to  correspond  to  the 
day  nearest  the  numerical  mean  of  the  days  of  observation  in 
the  group,  and  let  X  and  A  be  taken  for  the  mean  noon  of  the 
mean  day  from  the  Nautical  Almanac.  In  this  manner  twelve 
different  equations  will  be  formed,  which  may  be  divided  into 
four  groups  of  three,  corresponding  roughly  with  four  quarters 
of  the  year.  Then  three  equations  for  determining  the  three 
unknown  quantities  m,  n,  p  may,  as  respects  probable  errors,  be 
advantageously  obtained  as  follows : 

First  Quarter  +  Second  +  Third  +  Fourth  =  0, 
First  Quarter  +  Second  -  Third  -  Fourth  =  0, 
First  Quarter  -  Second  -  Third  +  Fourth  =  0. 

250.  For  the  purpose  of  exemplifying  the  results  to  which 
the  foregoing  reasoning  conducts,  those  obtained  from  the 
Cambridge  Meridian  Observations  of  the  Sun  in  the  year 
1855  are  here  subjoined.  The  total  number  of  the  Circle 
observations  was  125,  inclusive  of  24  observations  of  single 
Limbs.  These  were  divided  into  four  quarter-groups  contain- 
ing severally  28J,  27-J,  28-J-  and  28-J  observations,  one  of  a 
single  Limb  being  taken  to  be  half  an  observation.  Each  of 
these  groups  was  subdivided  into  three  in  such  manner  that 
the  twelve  groups  all  contained  nearly  the  same  number  of 
observations.  In  calculating  the  value  of  a  for  any  group, 
half-weight  was  given  to  an  observation  of  a  single  Limb.  The 
rest  of  the  reasoning  was  conducted  by  the  process  explained 
in  Arts.  247  and  248,  and  the  following  results  were  obtained 
by  the  solution  of  the  three  final  equations : 

m  =  - 1",239,         n  =  -  0",233,      .  p  =  +  0",329. 

Hence  B\  (=  m  cosec  I)  =  -  l//,239  cosec  23°.  27',5  =  -  3",112, 
which  is  the  mean  excess  for  the  year  of  the  Tabular,  above 
the  true,  Longitude  of  the  Sun ; 

SI  (=  n  sec  I)  =  -  0/'233  sec  23°.  27',5  =  -  0",254, 
which  is  the  excess  of  the  Obliquity  assumed  in  the  Tables  above 
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the  true  Obliquity ;  and  p  —  the  mean  excesa  within  the  Tropics 
of  the  N.  P.  D.  determined  by  the  reduction  of  the  Circle 
observations  of  1855  above  the  true  N.  P.D.  (See  Art.  229.) 

If  &R  represent  the  mean  excess  for  the  year  of  the  Tabular 
R.A.  above  the  true  R.A.  in  arc,  we  may  assume  that  &R  =  S\. 
Hence  in  the  present  instance  BR  (in  time)  =  —  0s, 20 7.  The 
comparisons  of  all  the  observations  of  the  year  with  the  Tabular 
values  of  the  Nautical  Almanac  gave  —0s,  1 87  for  the  mean 
excess  (A)  of  the  Tabular  above  the  observed  R.A.  by  128 
comparisons,  and  —  0",o64  for  the  mean  excess  (Z>)  of  the 
Tabular  above  the  observed  N.P.D.,  by  113  comparisons.  Hence, 
putting  q  for  the  mean  excess  of  the  assumed  R.  A.  of  the  funda- 
mental stars  above  the  true,  we  have  the  following  results : 

SA  =  (Tab.  N.P.D.  -  Ob.  N.P.D.)  +  (Ob.  N.P.D.  -True  N.P.D.) 

=  D  +p  =  _  0",364  +  0",329  =  -  0",035, 
q  =  (Tab.  R.A.  -  True  R.A.)  -  (Tab.  R.A.  -  Ob.  R:A.) 
=  BE  -  A  =  -  Os,207  +  Os,187  =  -  08,02G. 

Hence  the  observed  R.A.  were  too  small  by  the  mean  quan- 
tity 08,020 ;  or  the  assumed  position  of  the  first  point  of  Aries 
was  in  advance  of  the  true  by  this  quantity. 

251.  By  127  observations  of  the  Sun  in  R.  A.,  and 
117  observations  in  N.P.D.  in  the  year  1856,  it  was  found 
that  ra  =  -0",254,  w  =  -0",199,  ^  =  +  0",451,  D  =  -  0",447, 
SA  =  +  0",004,  BI=-  Q",217,  BE  =  - 08,043,  A=- 08,155,  and 
<7  =  +  Os,112.  Hence  the  assumed  R.A.  of  the  fundamental 
stars  were  too  great  by  08,112.  (See  Camb.  Obs.  Vol.  XX. 
pp.  204  and  205.)  It  may  be  noticed  that  these  results,  with 
the  exception  of  the  value  of  m  and  the  consequent  values 
of  §R  and  q,  agree  closely  with  those  given  by  the  observations 
of  1855.  On  account  of  the  discrepancy  between  the  values 
of  BR  (=  m  cosec  /),  the  corrections  of  the  assumed  R.A.  of  the 
fundamental  stars  are  different  for  the  two  years,  being  +  0*,020 
for  1855  and  —  Os,112  for  1856,  although  the  mean  excess  of  the 
assumed  R.A.  above  those  of  the  Naut.  Aim.  was  almost  exactly 
the  same  for  both.  (See  Introduction  of  Vol.  xx.,  p.  xlix.) 

16—2 
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Hence  as  BE  is  the  excess  of  the  tabular  above  the  true  R.A.  of 
the  Sun,  it  might  be  inferred  that  the  R.A.  of  the  Tables,  as 
calculated  for  the  years  1855  and  1856,  require  the  respective 
corrections  —  08,207  and  —  Os,043.  Such  an  inference,  however, 
cannot  be  safely  drawn,  in  the  existing  state  of  practical  and 
physical  astronomy,  unless  the  amount  and  variation  of  the 
error  be  determined  by  the  mean  results  of  the  observations  of 
a  large  number  of  years.  The  foregoing  explanations  will,  how- 
ever, have  indicated  by  what  kind  of  process  small  residual 
errors  of  the  Tables  are  ascertained. 

252.  The  values  of  the  corrections  p  and  q  having  been 
determined  by  observations  of  the  Sun,  those  of  §R(=A  +  q) 
and  &A  (=  D  +p)  are  readily  deducible,  inasmuch  as  A  and  D 
are  respectively  the  excesses  of  the  tabular  above  the  observed 
R.  A.  and  N.  P.  D.  usually  computed  by  the  observer.  From 
the  values  of  the  errors  BE  and  SA  thus  obtained,  mean  errors 
may  be  derived  from  arbitrary  groups  of  the  individual  errors, 
and  may  severally  be  supposed  to  correspond  in  epoch  to  the 
mean  of  the  times  of  the  observations  furnishing  the  group  of 
errors.  These  rules  for  calculating  mean  tabular  errors  are 
applicable  alike  to  meridian  observations  of  the  Sun,  Moon,  and 
the  older  planets,  in  all  cases  in  which  a  continuous  series  of 
such  observations  have  been  taken.  For  the  sake  of  the 
theoretical  astronomer,  the  mean  errors  in  R.  A.  and  N.  P.  D. 
are  converted  into  errors  in  Longitude  and  Ecliptic  Polar 
Distance  by  known  formulae1,  the  application  of  which  is  much 
facilitated  by  making  use  of  the  factors  contained  in  Appendix 
II.  of  the  Volume  of  Greenwich  Observations  for  1836.  In  the 
same  volume  (p.  Ixii)  are  given  formulae  for  calculating  errors  of 
Heliocentric  Longitude  and  Ecliptic  Polar  Distance  from  the 
errors  of  Geocentric  Longitude  and  Ecliptic  Polar  Distance 
obtained  in  the  manner  just  indicated.  The  results  of  such 
calculation  in  the  cases  of  the  minor  planets  Ceres,  Pallas, 
Juno,  and  Vesta,  and  all  the  larger  planets,  are  given  in  the 
Volume  just  named,  and  in  all  succeeding  Volumes,  of  the 
Greenwich  Observations. 

1  See  the  Rev.  R.  Main's  Practical  and  Spherical  Astronomy,  Chap.  in.  Art. 
7  (p.  74). 
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253.  The  practical  astronomer  is  required  to  give,  together 
with   his   observations,  the  times   at  which    they  were   taken. 
With  respect  to   fixed  stars,  when  their  places   are   observed 
with  a  Transit-circle,  it  generally  suffices  to  name  the  year  and 
day  of  the  observation  ;  but  for  the  moving  bodies  the  precise 
time  of  taking  each  observation   has   to   be  calculated.     The 
science  of  Time,  as  consisting  of  measurements  of  time-intervals, 
and  determinations  of  epochs,  depends  essentially  on  data  fur- 
nished   by  Practical  Astronomy.      This   will  appear  from  the 
following  discussion,  the  purpose  of  which  is  to  shew  how  to 
calculate  the  epochs  of  observations. 

254.  Bessel,  by  a  comparison  of  his  own  observations  of 
the  Sun  in  1820—1825,  and  those   of  Bradley  in    1753  and 
1754,  with  Carlini's    Solar   Tables,  obtained  the   Sun's   mean 
longitude  at  a  given  epoch  ;  from  which  the  following  funda- 
mental quantity1,  used  in  the   computations   of  the   Nautical 
Almanac  for  the  years  1836  —  1863,  was  derived  : 

At  the  Greenwich  Mean  Noon  of  January  1,  of  the  year 
1800  +  tf,  the  Sun's  Mean  Longitude  (If)  is 


283°.  53'.  32",71  +  *.  27",605844+*2.  0",0001221805-/.  14'.  47",083, 

where  14'.47",083  is  the  change  of  Mean  Longitude  in  6b  of 
mean  time,y  denotes,  for  the  nineteenth  century,  the  number  of 
years  from  the  year  immediately  preceding  1800  +  1  which  is 
divisible  by  4  without  remainder.  It  is  to  be  observed  that 
this  value  of  the  Mean  Longitude  includes  the  effect  of  aber- 
ration. 

A  sidereal  day  is  the  interval  between  two  consecutive 
transits  of  the  first  point  of  Aries  across  the  meridian  of  any 
place.  A  mean  solar  day  is  the  interval  between  two  con- 
secutive transits  of  a  fictitious  Sun  supposed  to  move  in  the 
Equator  with  the  Sun's  mean  motion  in  Longitude,  or  Eight 
Ascension. 

It  has  been  agreed  by  astronomers  to  call  the  sidereal  time 

1  See  the  Astronomische  Nachrichten,  No.  133  ;  Bessel's  Tdbulce  Regwmon- 
tanas,  p.  xxiv  ;  and  the  Nautical  Almanac  for  1863,  p.  vi. 
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at  any  place,  the  arc  intercepted  between  the  actual  first  point 
of  Aries  and  the  point  of  the  Equator  which  is  on  the  meridian 
of  the  place,  converted  into  time  at  the  rate  of  15°  to  an  hour. 
But  the  first  point  of  Aries,  since  its  position  is  determined  by 
the  intersection  of  the  plane  of  the  earth's  Equator  with  the 
plane  of  the  Ecliptic,  moves  relatively  to  stars  on  the  plane 
of  the  Ecliptic,  and,  on  account  of  nutation,  by  an  irregular 
motion.  Hence  according  to  the  adopted  reckoning  astro- 
nomical sidereal  time  is  not  strictly  uniform.  No  sensible 
error,  however,  arises  from  this  circumstance,  because  the 
irregular  motion  takes  place  relatively  to  a  mean  position 
which  has  a  uniform  motion,  and  the  fluctuations  of  position 
(called  the  Equation  of  the  Equinoxes)  are  very  slow,  and 
much  slower  than  those  to  which  the  rate  of  the  best  con- 
structed time-piece  is  liable  from  incidental  causes.  The  par- 
ticular advantage  of  this  conventional  reckoning  is  that  the 
sidereal  time  at  which  a  celestial  object  passes  the  meridian 
becomes  identical  with  its  apparent  Right  Ascension.  The 
calculated  apparent  R.A.  of  the  fundamental  stars  are  ac- 
cordingly referred  to  the  true  Equinox.  Hence,  since  the 
error  of  the  clock  is  the  difference  between  its  indication  and 
the  calculated  Apparent  Right  Ascension  of  a  fundamental  star, 
it  follows  that  the  time-piece  is  virtually  regulated  to  point  to 
Oh  whenever  the  first  point  of  Aries  (affected  by  aberration  as 
a  star)  is  apparently  on  the  meridian. 

255.  From  the  definition  above  given  of  Sidereal  Time  it 
follows  that  the  Sidereal  Time  at  Mean  Noon  =  Sun's  Mean 
R.  A.  -}-  Nutation  in  R.  A.,  the  addition  of  the  Nutation  giving 
to  the  sidereal  time  the  fluctuating  value  it  is  required  to  have 
by  being  referred  to  the  true  Equinox.  By  means  of  this 
equation  the  relation  between  the  sidereal  time  and  the  mean 
solar  time  of  the  same  epoch  is  ascertained  by  the  following 
process.  From  the  calculations  of  Bessel  already  referred  to, 
it  was  found  that  the  mean  motion  of  the  Sun  in  365J  mean 
solar  days  was  less  than  360°  by  22",617656 ;  whence  it  fol- 
lows that  the  sidereal  year,  or  complete  revolution  of  the 
Sun  with  respect  to  fixed  space,  is  365d.  6h.  9m.  108,7496,  or 
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365,256374417  mean  solar  days.  Taking,  according  to  the  same 
authority,  the  mean  amount  of  the  precession  of  the  equinoxes 
in  the  t  years  succeeding  1800  to  be 

50",22350£  +  0",0001221805£2, 

the  mean  length  of  the  tropical  year  between  1800 -M  and 
1800  +  t  +  1  is 

365d .  5h .  48m  .  47S,8091  -  08,00595£, 
or  365d,242220013  -  Od,00000006686£. 

Dividing  360°  by  the  length  of  the  tropical  year,  the  mean 
motion  of  the  Sun  in  Longitude  in  a  mean  solar  day  will  be 
found  to  be  59' .  8",3302,  and  consequently  the  mean  daily 
motion  in  R  A.  expressed  in  time,  3m .  568,555348.  Hence  by 
the  foregoing  equation  we  have  at  the  Greenwich  mean  noon 
of  any  day  (ri)  of  the  year  1800  +  t, 

M 

Sidereal  time  =  ^  +  3m .  56S,555348^  +  Nutation  in  R  A. 
lo 

It  thus  appears  that  from  one  mean  noon  to  the  next 
following  the  sidereal  time  increases  by  the  mean  quantity 
3m.  568,555348,  and  consequently  that  24h  of  mean  time  are 
equivalent  to  24h.  3m.  56S,555348  of  sidereal  time.  The  above 
formulae  for  M  and  for  sidereal  time  are  adopted  in  the 
Nautical  Almanacs  for  the  29  years  1835—1863. 

256.  In  the  Nautical  Almanacs  for  1864  and  following 
years  the  tabular  places  of  the  Sun  are  taken  from  Leverrier's 
Tables  contained  in  Yol.  IV.  of  the  Annals  of  the  Imperial  Obser- 
vatory of  Paris.  According  to  results  deduced  by  Leverrier 
from  8911  observations  of  R  A.  of  the  Sun  made  in  the  years 
1750 — 1850,  the  mean  sidereal  motion  of  the  Sun  in  a  Julian 
year  of  365J  days  is  1295977",38234,  or  22",61766  less  than 
360°.  Also  he  obtains  50",23572*  +  0",00011289r  for  the 
general  precession  in  the  interval  t  reckoned  in  Julian  years 
of  365J  days,  and  commencing  at  the  Paris  mean  noon  of 
January  1,  1850.  Hence  he  finds  (by  a  process  equivalent  to 
that  indicated  in  Art.  255)  that  the  mean  day  is  equal  to  the 
sidereal  day  multiplied  by  1,002737909,  or  24h .  3m .  568,555338, 
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nearly  agreeing  with  Bessel's  value  above.  If  therefore  M'  be 
the  Sun's  Mean  Longitude  for  the  meridian  of  Greenwich  for 
the  mean  noon  of  January  1,  1850  + 1,  as  inferred  from 
Leverrier's  Tables  of  the  Sun,  allowance  being  made  for  the 
difference  between  the  meridians  of  Paris  and  Greenwich,  we 
shall  have 

Sidereal  time  =  ^  +  3m .  56s .  555338  x  n  +  Nutation  in  R.  A. 
lo 

257.  After  shewing  how  the  foregoing  two  sets  of  formulae 
were  obtained,  I  propose  now  to  give  an  example  of  the  applica- 
tion of  each  of  them  for  calculating  the  sidereal  time  of  mean 
noon.  Supposing  that  it  is  required  to  calculate  the  sidereal 
time  of  the  Greenwich  mean  noon  of  January  24,  1863,  the  fol- 
lowing is  the  process  according  to  Bessel's  formula?  contained  in 
Arts.  254  and  255.  In  this  example  t  =  63,  and  therefore  f=  3. 
Hence  it  will  be  found  that 

27",605844  x  t  =  28'.  59",168,     0",0001221805  x  t*  =  0",485, 
and  - 14'.  47",083  x  /=  -  44'.  21",249. 

Consequently 

M  =  280°.  53'.  32",71  +  28'.  59"5168  +  0",485  -  44'.  21",249 
=  280°.  38'.  11",11  =  (in  time)  18h.  42m.  328,741. 

Also  since  mean  noon  was  earlier  than  apparent  noon,  the  day 
before  is  to  be  taken,  so  that  n  =  23.     Hence 

3m.  56%555348  x  n  =  lh.  30m.  408,773 ; 

and  since  the  nutation-correction,  as  given  in  the  Naut.  Aim. 
(p.  242),  was  + 18,09,  it  follows  that  the  sidereal  time 

=  18h.  42m.  328,74  +  lh.  30m.  40,77  +  18,09  =  20h.  13m.  148,60, 

which  agrees  with  the  value  in  page  3  of  the  Naut.  Aim.  for 
1863. 

To  exemplify  the  application  of  Leverrier's  formula,  let 
it  be  required  to  find  the  sidereal  time  at  mean  Greenwich 
noon  of  1879  January  20.  The  Sun's  Mean  Longitude  (M1 ),  as 
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given  in  p.  102  of  Vol.  IV.  of  the  Annals  of  the  Paris  Observa- 
tory, is 

280°.  46'.  43",51  +  1296027",6784Z  +  0",00011073*2, 

the  time  t  being  reckoned  in  Julian  years  of  365J  days,  and 
commencing  at  the  Paris  mean  noon  of  January  1,  1850. 
Hence  t  —  29  (=  4  x  7  +  1),  and  /=  1.  These  values  give 

1296027",6784  x  29  =  10440°.  13'.  22//,736, 
and  0",00011073  x  292  =  0",093. 

Hence,  rejecting  29  x  360°,  we  have 

M'  =  280°.  46'.  43",51  + 13'.  22",736  +  0",093  - 1  x  14'.  47",083 
=  280°.  45'.  19",194  =  (in  time)  18h.  43m.  T,279. 

Since  the  mean  noon,  at  the  epoch,  is  earlier  than  apparent 
noon,  the  day  before  is  to  be  taken.  Hence  n  =  19  and 

2368,555338  x  ra=  lh.  84m.  548,551. 

As  Paris  is  9m.  208,63  East  of  Greenwich,  the  correction  of  M' 
for  difference  of  meridians  is  +  23",033  (=  + 18,535).  Also 
correction  for  nutation  in  R.  A.,  derived  from  15",16,  the  equa- 
tion of  the  equinoxes  in  Longitude  is  08,927.  Consequently 
the  sidereal  time 

=  18h.  43m.  18,279  +  lh.  14m.  54S,551  + 18,535  +  08,927 
=  19h.  57m.  588,292, 

which  agrees  with  the  time  given  in  page  3  of  the  Naut.  Aim. 
for  1879.  In  calculating  sidereal  times  for  the  formation  of 
Ephemerides,  much  assistance  would  be  derived  from  the 
Tables  arranged  by  Leverrier  for  this  purpose  in  the  before 
cited  Volume.  The  object  of  the  foregoing  discussion  has  been 
to  indicate  processes,  and  furnish  data,  whereby  the  sidereal 
time  of  any  epoch  might  be  calculated  independently  of  such 
aid. 

258.  For  calculating  epochs  in  mean  time,  it  is  required  to 
knowtfAe  mean  time  of  the  transit  of  the  first  point  of  Aries; 
which  may  be  inferred  as  follows  from  the  sidereal  time  of 
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mean  noon.  Let  or  be  this  sidereal  time ;  that  is,  the  horary 
angle,  at  mean  noon  of  any  day,  of  the  first  point  of  Aries 
westward.  This  point  is,  accordingly,  on  the  meridian  at  an 
interval  before  noon  equal  to  cr  reckoned  in  sidereal  time,  and 
therefore  equal  to  pa-  reckoned  in  mean  time,  p  being  the  ratio 
of  the  Sun's  mean  diurnal  motion  to  that  of  a  star.  Hence,  as 
mean  time  is  reckoned  from  mean  noon,  the  required  mean 
time  is  24h  —  /-KT.  Selecting,  for  example,  the  sidereal  time  at 
mean  noon  of  January  20,  1879,  namely,  19h.  57m.  588,292,  and 
either  taking  1,002737909  for  the  ratio  of  the  mean  day  to  the 
sidereal  day,  as  given  in  Art.  256,  or  employing  the  Table  of 
equivalents  in  pages  490  and  491  of  the  Naut.  Aim.  for  1879,  it 
will  be  found  that  /z<7  =  19h.  54m.  428,030.  Hence  24h  -  pa,  or  the 
mean  time  required,  is  4h.  5m.  178,970.  As,  however,  this  mean 
time  is  less  than  the  sidereal  time  at  mean  noon  of  January  20, 
it  must  be  the  mean  time  of  transit  of  the  first  point  of  Aries 
on  January  19.  It  agrees,  in  fact,  with  the  value  given  in  the 
Naut.  Aim.  for  this  date. 

259.  By  knowing  the  sidereal  time  of  mean  noon,  and  the 
mean  time  of  transit  of  the  first  point  of  Aries,  which  may  be 
called  sidereal  noon,  mean  time  and  sidereal  time  are  mutually 
convertible  by  calculating  according  to  the  following  rules: — 
Sidereal  time  required  =  that  at  the  preceding  mean  noon  +  the 
equivalent  in  sidereal  time  of  the  given  mean  time.  Mean  time 
required  =  that  at  the  preceding  sidereal  noon  +  the  equivalent 
in  mean  time  of  the  given  sidereal  time. 

To  convert,  for  example,  2h.  22ra.  258,62  Greenwich  Mean 
Time,  January  20,  1879,  into  sidereal  time,  the  process  is  as 
follows.  The  sidereal  time  at  the  mean  noon  of  January  20, 
1879,  (calculated  as  is  shewn  in  Art.  257)  =  19h.  57m.  588,292, 
and  the  sidereal  equivalent  of  the  mean  time 

2h.  22ra.  258,62  =  2h.  22m.  498,01S, 

as  calculated  by  the  Tables  in  pages  488  and  489  of  the  Naut. 
Aim.  for  1879.     Hence  the  sidereal  time  required 

=  19h.  57m.  588,292  +  2h.  22m.  498,018  =  22h.  20m.  47S,310. 
To  obtain,  conversely,  the  mean  time  of  January  20,  1879> 
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corresponding  to  the  sidereal  time  22h.  20m.  47S,310  on  that  day, 
the  mean  time  of  sidereal  noon  on  January  19  is  to  be  taken, 
in  accordance  with  a  rule  which,  to  assist  the  memory,  has  been 
expressed  in  the  terms,  "  If  the  sidereal  time  be  more,  take  the 
day  before "  (see  Art.  257) ;  the  result  of  the  computation  in 
Art.  257,  as  also  the  contents  of  pages  3  and  4  of  the  Naut. 
Aim.,  shewing  that  for  January  19  the  sidereal  time  at  mean 
noon  exceeds  the  mean  time  of  sidereal  noon.  Now  the  latter, 
either  as  obtained  independently  by  the  calculation  in  Art.  258, 
or  taken  immediately  from  the  Naut.  Aim.,  is  4h.  5m.  17S,970. 
Also  the  equivalent  of  22h.  20m.  47S,310  in  mean  time  is 

22h.  I7m.  7S,654 

by  the  Tables  in  pages  490  and  491.  Hence  the  mean  time 
required  =  4h.  5ra.  178,970  +  22h.  I7m.  78,654-24h  =  2h.  22m.  252,624, 
being  for  January  20  the  excess  above  24h. 

260.  For  astronomical  purposes  it  is  convenient  to  express 
the  epochs  of  all  events  in  mean  times  of  a  fixed  meridian,  and 
the   English   astronomer   selects,   of  course,   the   meridian   of 
Greenwich.     If  the  longitude  of  any  observatory  eastward  from 
the  meridian  of  Greenwich  be  L  (in  time),  a  given  star,  or  the 
first  point  of  Aries,  passes  the  meridian  of  that  Observatory 
before   it  passes   the   meridian   of    Greenwich   by   a   sidereal 
interval  equal  to  L.     Hence  if  8  be  the  sidereal  time  of  any 
event,  as  determined  by  transit  observations  at  the  Observatory, 
that  is,  the  local  sidereal  time,  the  Greenwich  sidereal  time  of 
the  event  is  S-L.     With  this  sidereal  time  the  Greenwich 
mean  time  may  be  calculated  by  the  process  indicated  in  the 
preceding  paragraph.     Or,  if  with  the  local  sidereal  time  S  the 
mean  time  be  calculated  just  as  for  Greenwich,  the  correction  for 
difference  of  meridians  is  —  pL,  p  being  the  factor  (the  recipro- 
cal of  1,002737909)  for  converting  sidereal  time  into  mean  time. 
For  the  Cambridge  Observatory,  the  longitude  is  22S,75  East, 
and  the  correction  —  pL  is  equal  to  —  22S,69. 

261.  It  will  thus  be  seen  that  in  order  to  deduce  from  the 
sidereal  times  of  events,  as  obtained  by  observations  made  at 
any  Observatory,  the  epochs  of  the  same  events  in  Greenwich 
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mean  time,  it  is  necessary  to  know  the  Longitude  of  the 
Observatory  with  reference  to  the  meridian  of  Greenwich.  The 
same  element,  together  with  Latitude,  is  necessary  for  indi- 
cating the  locality  of  the  Observatory  on  the  earth's  surface, 
which  the  practical  astronomer  is  required  to  do.  Having 
already  had  under  consideration  (in  Arts.  219 — 220)  a  method 
of  obtaining  exactly  the  Latitude  of  an  Observatory,  we  have 
now  to  enquire  by  what  means  its  Longitude  may  be  accurately 
determined.  Terrestrial  Longitude  is  the  arc  between  the 
meridian  of  any  place  and  that  of  Greenwich  measured  on  the 
earth's  Equator,  and  is  called  East  or  West  Longitude,  or  is 
designated  by  the  signs  —  or  -f ,  according  as  the  place  is  east- 
ward or  westward  from  Greenwich.  This  arc  is  measured 
astronomically  by  the  interval  between  the  transits  of  a  given 
star  across  the  two  meridians,  because  the  star  is  apparently 
carried  from  one  meridian  to  the  other  in  that  interval  by  the 
diurnal  motion  of  the  heavens  due  to  the  earth's  rotation  about  its 
aodsy  to  which  rotation,  assumed  to  be  uniform1,  all  astronomical 
measures  of  time  are  referred.  The  sidereal  day,  which  is  the 
interval  from  the  passage  of  a  star,  or  the  first  point  of  Aries, 
across  a  meridian  to  its  return  to  the  same,  being  supposed  to 
consist  of  24  hours,  it  follows  that  the  astronomical  measure  of 
longitude  has  to  24  hours  the  same  ratio  as  the  arc  of  terres- 
trial longitude  has  to  360°,  or  that  one  hour  corresponds  to  15°. 
Hence  it  may  be  seen  that  the  longitude  of  a  place  is  measured 
by  the  difference  between  the  sidereal  time  at  the  place,  and 
the  sidereal  time  at  Greenwich,  of  the  same  event,  because  the 
difference  between  such  times  measures  the  arc  between  the 
two  meridians.  This  is  the  general  principle  on  which  terres- 
trial longitude  is  ascertained  by  astronomical  means. 

262.     There   are   various   ways   of    comparing  the   simul- 

1  It  was  suggested  by  M.  Delaunay,  late  Astronomer  Imperial  at  the  Paris 
Observatory,  and  has  since  been  maintained  by  other  physicists,  that  the  uni- 
formity of  the  earth's  rotation  might  be  disturbed  to  a  sensible  amount  by  the 
effect  of  the  attractions  of  the  Sun  and  Moon  on  the  tidal  waves.  If  this  be  the 
case,  the  calculation  of  all  time-intervals  and  epochs  will  be  in  some  degree 
altered.  I  am  not  aware  that  the  amount,  or  even  the  actuality,  of  disturbance 
from  this  cause  has  been  strictly  deduced  from  hydrodynamical  principles. 
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taneous  sidereal  times  of  two  Observatories.  The  simplest 
appears  to  be  that  by  transfer  of  Chronometers,  according  to 
which,  when  several  chronometers  are  used,  each  is  first  timed 
and  rated  by  the  transit- clock  of  one  of  the  Observatories,  is 
then  transferred  to  the  other  -Observatory,  and  after  being 
timed,  and  rated  by  a  clock  and  transit-instrument  there,  is 
conveyed  back  to  the  first  for  another  timing  and  rating,  and  so 
on  as  often  as  may  be  thought  desirable.  In  this  way,  after 
taking  account  of  the  meridional  adjustments  of  the  instru- 
ments, and  the  recorded  clock  and  chronometer  times  and  the 
calculated  rates,  the  simultaneous  sidereal  times  of  the  two 
positions  are  repeatedly  brought  into  comparison ;  and  by 
taking  the  mean  of  the  several  differences  given  by  a  single 
chronometer,  and  then  the  mean  of  the  means  given  by  the 
several  chronometers,  the  concluded  difference  of  longitude  is 
obtained.  By  a  process  such  as  this,  the  details  of  which  are 
contained  in  the  Cambridge  Philosophical  Transactions  (Yol.  ill. 
p.  168),  Professor  Airy  found  the  Longitude  of  the  Cambridge 
Observatory  to  be  23s, 54  eastward  from  Greenwich. 

263.  Since  the  invention  of  the  Electric  Telegraph,  astro- 
nomers have  taken  advantage  of  the  transmission  of  galvanic 
signals  for  the  determination  of  the  difference  of  longitude 
between  two  Observatories.  When  it  can  be  so  arranged  that 
the  signals  can  be  sent  and  received  at  both  Observatories,  and 
the  operator  can  also  take  his  time  from  the  transit  clock  as  in 
an  ordinary  transit  observation,  the  sender  notes  the  time  of 
sending  a  signal  and  the  receiver  that  of  receiving  it,  according 
to  the  indications  of  the  respective  clocks.  The  signal  is  usually 
the  movement  of  a  galvanic  needle  produced  by  contact  being 
made  by  the  sender  for  completing  the  galvanic  circuit,  which 
movement  the  receiver  has  to  watch  for.  The  signals  are 
transmitted  a  certain  number  of  times,  previously  agreed  upon, 
alternately  from  the  two  stations.  After  applying  corrections 
for  the  errors  of  position  of  the  transit-instruments,  and  the 
errors  of  the  clocks  on  the  true  sidereal  times  of  the  Observa- 
tories, and  also  eliminating  as  far  as  may  be  errors  which  might 
be  due  to  difference  of  personal  equations  of  the  observers, 
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whether  as  regards  the  taking  of  transits  or  noting  the  signal- 
times,  the  mean  of  all  the  values  of  the  difference  of  the 
sidereal  times  measures  the  longitude,  if  the  transmission  of 
the  signals  be  absolutely  instantaneous.  If  there  should  be  a 
sensible  rate  of  transmission,  its  effect  on  the  determination  of 
the  longitude  is  got  rid  of  by  sending  signals  in  opposite 
directions,  as  may  be  thus  shewn.  Supposing  the  passage  of  a 
signal  between  the  two  stations  to  occupy  the  interval  r,  the 
time  recorded  at  the  receiving  station  will  be  too  late  by  this 
interval.  Hence,  since  the  measure  of  longitude  is  the  excess 
of  the  sidereal  time  at  the  east  station  above  the  simultaneous 
sidereal  time  at  the  west  station,  according  as  the  receiving 
station  is  to  the  east  or  the  west  of  the  other  the  measure  of 
longitude  will  be  too  great  or  too  small  by  r.  Hence  the  true 
longitude  is  the  mean  between  two  measures  obtained  by 
signalling  from  the  two  stations  in  opposite  directions.  Conse- 
quently to  eliminate  this  source  of  error  the  number  of  signals 
should  be  the  same  from  both  stations.  In  that  case  a  very 
probable  value  of  2r  would  result  from  subtracting  the  mean  of 
all  the  measures  deduced  from  signals  made  at  the  west  station 
from  the  mean  of  those  deduced  from  the  signals  made  at  the 
east  station. 

264  If  the  signal-times,  whether  of  sending  or  receiving, 
are  not  immediately  taken  from  the  transit-clock,  but  are 
recorded  by  means  of  transportable  chronometers  at  any 
position  more  or  less  distant  from  the  clock,  the  noted  times 
have  to  be  reduced  to  sidereal  times  of  the  Observatory  by 
means  of  comparisons  of  the  chronometers  with  the  clock,  made 
both  before  and  after  the  series  of  signals,  in  order  to  have  data 
for  making  allowance  for  the  rates  of  the  chronometers.  The 
comparison  of  a  sidereal  chronometer  with  the  transit- clock 
should,  for  greater  certainty,  be  made  by  the  intervention  of  a 
mean-time  chronometer,  because  this  time-piiece  may  be  ac- 
curately compared  with  each  of  the  other  two  by  coincidence  of 
beats.  In  making,  according  to  this  process,  a  determination  of 
the  longitude  of  the  Cambridge  Observatory  by  galvanic  signals 
on  May  17  and  18,  1853  (the  particulars  of  which  are  given  in 
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the  Transactions  of  the  Cambridge  Philosophical  Society  ,Vol.  ix., 
pages  487 — 514),  the  Greenwich  signals  were  received  and  the 
Cambridge  signals  transmitted  at  the  Cambridge  Telegraph 
Office  of  the  Great  Eastern  Eailway,  and  the  Observatory 
sidereal  times  were  inferred  in  the  manner  just  stated  by 
comparisons  of  chronometers.  The  mean  result,  deduced  from 
281  signals,  gives  for  the  longitude  of  the  Cambridge  Observa- 
tory, 228,75  East  of  Greenwich.  Also  from  all  the  signal-times, 
reduced  to  sidereal  times  of  the  Observatories,  the  interval  (T) 
occupied  by  the  transmission  of  the  signals  was  found  to  be 
Os,020.  On  account  of  the  comparatively  small  length  of  the 
conducting  wire  between  the  two  stations  (about  55  miles),  this 
value  is  not  trustworthy  for  calculating  the  rate  of  transmission, 
but  may,  I  think,  be  regarded  as  a  limit  which  the  interval  of 
transmission  did  not  exceed. 

265.  Having  now  gone  through  the  explanation  of  the 
means  actually  employed  at  the  present  time  for  determining 
with  as  much  accuracy  as  possible  by  meridian  instruments  the 
places  in  Eight  Ascension  and  Polar  Distance  of  fixed  stars  and 
of  the  centres  of  the  moving  bodies,  and  also  the  processes  for 
calculating  the  epochs  at  which  they  have  the  assigned  places, 
we  may  be  said  to  have  taken  account  of  all  that  is  of 
fundamental  importance  in  practical  astronomy.  Accurate 
determinations  of  celestial  positions  by  instruments  adapted 
for  observations  out  of  the  meridian,  depend  ultimately  on  the 
results  of  observations  made  on  the  meridian.  Again,  as 
respects  physical  astronomy,  suppose  the  elements  of  the  orbit 
of  a  moving  body  to  have  been  deduced  from  observations  (by 
processes  such  as  those  given  in  Gauss's  Theoria  Motus  Corp. 
Cel.*),  till  they  are  known  with  sufficient  accuracy  for  being  em- 
ployed by  the  theoretical  astronomer  for  calculating  Tables  where- 
by the  body's  place  at  a  given  time  may  be  computed.  Then 
the  farther  corrections  which  the  elements  may  require  are 
ascertained  by  means  of  continued  observations  of  the  body 
made  either  actually  on  the  meridian,  or  by  the  intervention  of 
places  of  stars  determined  by  meridian  observations,  the  Eight 
Ascensions  and  Polar  Distances  given  by  such  observations 
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being  subsequently  compared  with  theoretical  values  computed 
with  the  assumed  elements.  Suppose,  for  illustration,  A  and  A 
to  be  the  tabular  R  A.  and  RD.  of  a  moving  body  at  the  assigned 
epoch  of  an  observation  from  which  the  values,  as  observed,  are 
found  to  be  a  and  8.  The  practical  astronomer,  after  obtaining 
such  observational  values  with  all  attainable  accuracy,  gives 
values  of  A— a  and  A— 8,  as  deduced  from  a  series  of  observations, 
to  the  theoretical  computer,  calling  them  Errors  of  the  Tables  on 
the  assumption  that  the  observations  are  exact.  Each  such  error 
is  put  on  one  side  of  an  equation,  the  other  side  of  which  con- 
sists of  a  variation  of  the  function  from  which  A,  or  A,  was 
computed,  with  respect  only  to  the  letters  it  contains  represent- 
ing the  elements,  and  these  variations  of  the  elements  are  con- 
sequently to  be  taken  as  algebraic  excesses  of  the  values  of  the 
elements  employed  in  constructing  the  Tables  above  their  true 
values.  From  a  large  number  of  such  equations,  divided  into 
groups  and  treated  according  to  the  rules  of  the  method  of  least 
squares,  values  of  the  variations  of  the  elements  are  obtained, 
which,  with  signs  changed,  are  the  corrections  to  be  applied  to 
the  assumed  elements.  In  proportion  as  the  number  of  the 
equations  is  larger,  these  corrections  may  be  considered  to  be 
more  free  from  the  effects  of  incidental  errors  of  observation. 
An  exemplification  in  part  of  the  investigation  above  indicated 
is  given  by  the  process  described  in  Arts.  247 — 252,  whereby  the 
errors  of  the  assumed  obliquity  of  the  Ecliptic  and  the  assumed 
R.A.  of  the  fundamental  stars  are  corrected.  I  conclude  this 
first  and  principal  Part  of  the  Lectures  with  making  the  remark, 
which  the  foregoing  statement  of  the  relation  between  practical 
and  physical  astronomy  justifies,  that  however  far  the  theorist 
may  carry  his  analytical  investigations,  the  accuracy  thereby 
attainable  is  limited  by  the  accuracy  of  the  data  furnished  by 
instrumental  observation. 


The  remaining  portion  of  the  Lectures  will  treat  of  (1)  the 
construction  and  use  of  instruments  employed  for  obtaining 
celestial  places  by  observations  out  of  the  meridian,  especially 


THE  EQUATORIAL.  257 

the  Equatorial  and  the  Altazimuth  Instrument ;  (2)  other  fixed 
instruments,  particularly  those  adapted  to  finding  exact  values 
of  the  constants  contained  in  the  formulas  for  calculating  star- 
corrections  given  in  Arts.  140 — 147;  (3)  uses  of  movable  and 
portable  instruments,  as  the  Zenith  Sector  and  the  Theodolite, 
for  determining  geographical  positions,  and  of  the  Sextant  for 
nautical  purposes ;  (4)  various  applications  of  instruments  for 
special  purposes,  such  as  finding  longitudes  by  land  and  sea, 
measures  of  small  differences  of  R.  A.  and  P.  D.  between  the 
places  of  two  objects,  measures  of  the  relative  positions  of  the 
components  of  double  and  multiple  stars,  &c.,  together  with 
miscellaneous  subjects  not  treated  of  in  the  previous  sections. 


THE   EQUATORIAL. 

266.  An  Equatorial  Instrument  is  made  suitable  by  its 
construction  and  mounting  for  determining  Right  Ascensions 
and  Polar  Distances  of  objects  at  whatever  part  of  the  heavens 
they  are  visible.  For  this  purpose  it  has  an  axis  of  revolution 
placed  parallel  to  the  earth's  axis.  Like  the  Transit-circle,  the 
Equatorial  is  a  complete  instrument  for  determining  celestial 
places;  but  as  being  liable  to  unsteadiness  on  account  of  the 
oblique  position  of  its  axis,  it  is  not  as  trustworthy  for  deter- 
mining absolute  R.  A.  and  P.  D.  as  a  meridian  instrument.  If, 
however,  it  be  used  only  for  differential  observations,  that  is,  for 
comparing  the  place  of  an  unknown  object  with  that  of  a  known 
star,  or  one  whose  exact  place  is  afterwards  ascertained  by 
meridian  observations,  very  accurate  results  are  obtainable. 
The  Equatorial  is  employed  in  observing  Comets,  newly  dis- 
covered small  Planets,  Eclipses  of  the  Sun,  Moon,  and  Jupiter's 
Satellites,  occultations  of  stars  and  Planets  by  the  Moon,  double 
and  multiple  stars,  and  star-groups.  It  is  also  much  used  for 
securing  approximate  places  of  unknown  stars,  and  of  stars 
selected  for  comparison  in  differential  observations,  in  prepara- 
tion for  afterwards  obtaining  their  exact  places  by  meridian 
observations.  As  in  the  instances  of  the  Transit  Instrument 
c.  17 
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and  Mural  Circle,  the  Equatorial  will  be  treated  of  under  four 
Divisions. 

I.    DESCRIPTION  OF  THE  PARTS  AND  MODE  OF  MOUNTING. 

267.  Figure  40  delineates  a  wooden  model  exhibited  in 
my  Lectures  for  indicating  the  parts,  mounting,  and  uses  of  an 
Equatorial.  The  different  parts  correspond  as  to  position,  and 
in  most  respects  as  to  proportion,  to  those  of  the  five-feet 
Equatorial  of  the  Cambridge  Observatory,  to  which  instrument 
the  following  descriptions  will  more  especially  apply.  Q  and  R 

Fig.  40. 
JP 


are  solid  stone  piers  placed,  the  former  southward  and  the  other 
northward,  so  as  to  be  cut  symmetrically  by  the  plane  of  the 
meridian,  on  a  massive  stone  pillar  rising  about  20  feet  from 
the  level  of  the  ground,  on  which  also  a  sidereal  clock  (Graham 
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with  Harrison's  gridiron  pendulum)  is  posited  for  convenience 
in  taking  observations.  I  is  an  iron  frame  attached  at  H  to  the 
support  R,  and  having  at  its  upper  extremity  a  Y  in  which  the 
pivot  P  at  the  higher  end  of  the  axis  of  motion  rests.  The 
plane  faces  of  the  frame  /  and  of  the  bracing  pieces  i,  i,  are 
made  to  be  parallel  to  the  axis  of  the  Telescope  when  pointed 
towards  them,  so  that  they  only  intercept  a  quantity  of  light 
corresponding  to  their  narrow  edges.  The  lower  pivot  of  the 
polar  axis  turns  in  a  cup  fixed  in  a  plate  which  is  adjustible 
in  the  plane  of  the  meridian  by  two  opposing  screws,  one  of 
which  is  represented  at  b,  and  in  the  transverse  direction  by 
the  screw  represented  at  a  and  one  opposite.  Above  this  plate 
there  is  another  which  is  pushed  from  beneath  by  strong  springs 
against  four  small  wheels  at  the  ends  of  four  arms  joined  to  the 
polar  frame,  by  which  means  the  weight  of  the  instrument  is  in 
great  part  taken  off,  and  the  friction  in  the  cup  diminished, 
without  impeding  the  movement  of  rotation  about  the  axis. 

268.  The  two  terminals  of  the  polar  frame  (represented  in 
the  Figure  as  circular  plates)  are  in  great  part  open  frames,  the 
upper  one  being  such  for  the  admission  of  light  from  objects 
near  the  Pole.  The  lower  one  carries  the  hour-circle  gradua- 
tion. These  terminals  are  joined  by  the  columns  ppt  pp,  and 
the  opposite  columns  qq,  qq,  so  that  the  Telescope  EA,  with  the 
connected  circle  of  declination  dd,  may  be  turned  between  the 
two  sets  of  columns  about  a  transverse  axis  supported  by  them. 
The  pivot  at  one  end  of  this  axis  (that  not  seen  in  the  figure) 
rests  in  a  Y  fixed  in  a  cross-piece  joining  the  columns  qq,  qq 
and  that  at  the  other  end  in  a  Y  adjustible  by  being  moved 
transversely  to  the  cross-piece  x,  and  fixed  in  position  by  the 
screw  s.  E  is  the  eye- end  and  A  the  object-end  of  the  Tele- 
scope ;  m,  m  are  the  positions  of  two  opposite  micrometer-micro- 
scopes by  which  the  declination-circle  is  read  off,  which  are  of 
the  same  construction  as  the  microscopes  of  the  Mural  Circle ; 
and  n,  n  are  the  positions  of  two  opposite  microscopes  for 
reading  off  the  Hour-circle.  To  one  of  the  microscopes  of  each 
set  a  pointer  is  attached  for  setting  the  instrument  in  declina- 
tion and  hour-angle.  Slow  motion  is  given  to  the  declination- 

17—2 
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circle  by  tangent-screw-and-clamp  apparatus  attached  to  the 
polar  frame  at  Ty  and  worked  by  a  handle  at  the  command  of 
the  observer.  Analogous  arrangements  are  made  for  slow 
motion  of  the  Hour-circle. 

269.  The  graduation-lines  of  the  declination-circle  are  5' 
apart,    and,    for   convenience,   the   pointer   is   so    placed   with 
reference  to  the  zero  of  graduation,  that   its   reading   is   the 
approximate  declination  or  polar  distance  of  the  object.     The 
upper  face   of  the  Hour-circle  is  graduated  in  hours,  which 
are  subdivided  into  minutes,  and  the  graduation-lines  on  the 
edge,  which  are  looked  at  with  the  microscopes,  are  208  apart, 
one  micrometer  revolution  is  4s,  or  one-fifth  of  a  graduation- 
interval,  and  each  second  is  divided  on  the  micrometer-head 
into  10  parts.     Thus  the  hour-circle  reading,  which  gives  the 
hour-angle  of  the  object  from  the  meridian,  consists  of  a  pointer 
reading  suitably  adjusted,  the  number  of  integral  revolutions  of 
4s  indicated  by  indentures  of  the  comb,  and  the  fraction  of  a 
revolution  in  seconds  and  tenths  of  a  second,  read  from  the 
micrometer-head.     In  the  eye-piece  of  the  Telescope,  which  is 
an  achromatic  refractor  of  the  usual  construction,  are  a  double- 
wire  micrometer,   one  equatorial  fixed  wire,  and  five  vertical 
wires.     The  required  adjustments  of  the  wires  and  wire-frame 
are  effected  by  screws  nearly  as  in  the  case  of  a  Transit-circle. 
[For  additional  particulars  respecting  the  Cambridge  five-feet 
Equatorial,  see  p.  xxi.  of  the   Introduction  to  Vol.  v.   of  the 
Cambridge  Observations  (for  1832)]. 

270.  To  assist  in   pointing  the   Telescope   to   objects,  an 
Equatorial,  especially   if  it   be   of  large    size,  requires   to   be 
furnished  with  a  Finder,  which  is  a  telescope  of  small  aperture 
and  large  field,  having  its  axis  parallel  to  that  of  the  large  one, 
and  attached  either  to  the  telescope-tube,  or  to  the  connected 
declination-circle.     The  Finder   is   sufficiently  adjusted   if  an 
object  seen  at  the  centre  of  its  field  is  seen  at  the  same  time  at 
or  near  the  centre  of  the  field  of  the  telescope. 

271.  The  Illumination  of  the  Telescope's  field  of  view  is 
effected  by  suspending  a  lamp  in  gimbals  opposite  one  end  of  the 
transverse  axis,  at  which  a  lens  is  fixed  for  throwing  light  from 
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the  lamp  on  a  ring  reflector  placed  at  the  middle  of  this  axis, 
and  inclined  by  an  angle  of  45°  to  the  axis  of  the  telescope. 
Before  incidence  on  the  lens  the  light  passes  through  an  ad- 
justible  opening  for  regulating  the  quantity. 

272.  In  case  there  should  not  be  room  for  the  observer's 
head  when  looking  through  the  telescope  at  an  object  in  the 
neighbourhood  of  the  Pole,  a  diagonal  eye  piece  is  substituted 
for  the  ordinary  Rasmden  eye-piece,  to  give  the  means  of  looking 
at  the  image  in  a  direction  at  right  angles  to  the  axis  of  the 
telescope.  The  simplest  form  of  the  diagonal  eye-piece  is  that 
with  two  lenses  described  in  Art.  23.  The  form  usually  adopted 
for  an  Equatorial  has  four  glasses,  the  shapes  and  arrangement 
of  which  are  the  same  as  those  of  the  four-glass  erecting  eye- 
piece mentioned  in  Art.  22.  As  no  description  of  the  erecting 
eye-piece  was  there  given,  I  shall  now  describe  it  in  detail,  before 
proceeding  to  give  an  account  of  the  four-glass  diagonal  eye- 
piece. Fig  41  exhibits  the  course,  through  the  four  glasses,  of  a 

Fig.  41. 


pencil  of  rays  having  its  origin  at  r,  which  may  either  be  a 
point  of  an  image  formed  at  the  geometrical  focus  of  the  object- 
glass  of  the  telescope,  or  any  point  of  a  wire  at  the  same  focal 
distance.  The  pencil,  after  passage  through  the  first  lens, 
crosses  the  axis  of  the  eye-piece  at  ss,  where  it  is  limited  by 
having  to  pass  through  a  small  circular  hole  in  a  diaphragm  in 
that  position.  Then  after  passing  through  the  second  lens,  by 
which  it  is  made  a  convergent  pencil,  it  is  refracted  by  the 
third  lens,  so  as  to  form  an  image  of  r  at  the  point  r'  of  a  field 
which  is  bounded  by  the  diaphragm  ss'.  This  image  is  seen  by 
the  eye  at  ee  by  rays  that  are  made  suitable  for  vision  by 
passing  through  the  fourth  glass.  As  the  image  of  the  point  r 
below  the  axis  is  formed  at  the  point  r  above  the  axis,  the 
inverted  image  formed  at  the  focus  of  the  object-glass  is  made 
erect  by  this  eye-piece. 
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273.  The  construction  of  the  four-glass  diagonal  eye-piece 
may  be  explained  as  follows  by  reference  to  Figure  42.  The 
first  lens  is  at  that  end  of  the  broken  tube  GFE  which  is 
inserted  in  an  outer  tube  terminating  at  G  in  a  screw  by  means 

Fig.  42. 


of  which  the  eye-piece  is  attached  to  the  telescope.  At  the 
position  ss  (corresponding  to  that  marked  by  the  same  letter  in 
Fig.  41),  there  is  a  diaphragm  with  a  small  circular  hole  for 
limiting  all  the  pencils,  its  centre  being  on  the  axis.  A  pencil 
of  rays  from  any  point  of  an  image  at  the  focus  of  the  object- 
glass,  after  passing  through  the  first  lens,  the  aperture  in  the 
diaphragm  at  ss,  and  the  second  lens  a  little  further  on  (see 
Fig.  41),  is  incident  on  the  reflector  rr  inclined  at  an  angle  of 
45°  to  the  axis,  and  being  thereby  turned  through  90°  from  its 
original  direction,  passes  through  the  two-glass  eye-piece  FE, 
forming  an  image  between  the  glasses  which  is  viewed  through 
the  eye-glass  at  E.  The  adjustment  to  distinct  vision  of  the 
telescope-wires  is  effected  by  shifting  the  eye-piece  bodily  from 
or  towards  the  wire-frame  by  a  movement  of  the  inner  tube 
within  the  outer  tube  with  reference  to  the  fixed  position  G, 
and  by  moving  the  eye-piece  FE  inwards  or  outwards  in  the 
direction  of  the  axis. 

Ramsden's  Refraction-piece,  an  example  of  which  is  attached 
to  the  eye-end  of  the  Telescope  of  the  Cambridge  five-feet 
Equatorial,  will  be  most  suitably  described  when  the  corrections 
for  refraction  out  of  the  meridian  are  under  consideration. 
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II.    THE  ADJUSTMENTS  OF  AN  EQUATORIAL. 

274.  If  an  Equatorial  be  only  used  for  taking  differential 
observations  (Art.  266),  it  will   generally  suffice   to   make  an 
initial  determination  of  the  instrumental  errors,  and  thereby 
correct  them  mechanically,  without  repeating  the   operations 
unless  there  be  reason  to  suppose  that  the  residual  errors  have 
considerably  changed  in  course  of  time,  or  through  incidental 
causes.     If  the  object  and  the  star  with  which  it  is  compared  do 
not  differ  greatly  in  RA.  and  P.D.,  it  may  be  presumed  that 
the  positions  of  both  are  for  a  long  time  affected  to  the  same 
amount  by  changes  of  the  instrumental  errors,  if  the  errors  be 
originally  small,  and  the  instrument  be  steadily  mounted.     It 
is,  however,  an  essential  condition   that  it  should   never   be 
largely  out  of  adjustment ;  on  which  account  the  values  of  the 
errors  ought  to  be  determined  from  time  to  time.     Such  deter- 
minations can  all  be  made  by  means  of  observations  of  stars, 
and  the  errors  so  ascertained  might  be  corrected  by  mechaDical 
means.     If  small  instrumental  errors  should  be  allowed  to  re- 
main uncorrected,  their  effects  on  the  observations  of  RA.  and 
P.D.  will  have  to  be  got  rid  of  by  applying  corrections  calculated 
according  to  appropriate  formulae.     In  this  way  celestial  places 
may  be  independently  determined  by  Equatorial  observations. 
I  propose  to  obtain  formulae  proper  for  thus  correcting  instru- 
mental errors  by  calculation,  as  well  as  to  shew  how  to  correct 
them  mechanically.     I   shall   also   take   occasion   to   indicate 
processes   by  which  certain   of  the   errors   may  be   corrected 
exclusively  by  mechanical  means. 

275.  The  adjustments  of  an  Equatorial  by  means  of  stars 
will  first  be  considered,  and  the  different  processes  will  have  to 
be  indicated  in  a  certain  logical  order. 

(1)  The  first  operation  is  to  correct  the  Index  Error  of 
the  declination-circle.  In  Figure  43  (1),  GU  represents  the 
position  of  the  axis  of  motion  of  the  instrument,  and  C  is  a 
point  through  which  the  axis  of  the  declination-circle  may  be 
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supposed  to  pass ;  for  if  the  two  axes  do  not  actually  intersect, 
the  reasoning  will  hold  good  if  the  declination-circle  be  conceived 
to  be  transferred  bodily  to  a  position  in  which  its  axis  will  pass 
through  C.  Also  this  axis  may  be  assumed  to  be  at  right 

Fig.  43. 


(2) 


angles  to  (711  on  the  principle  that  a  small  uncorrected  de- 
viation from  that  direction  will  not  affect  the  determination  of 
the  index  error.  This  being  understood,  suppose  the  circular 
arc  crOII,  which  is  in  the  plane  containing  (711  and  the  axis 
Co-  of  the  Telescope  when  directed  to  a  certain  star,  to  be  a 
portion  of  a  complete  circle  marked  by  exactly  the  same 
graduation  as  that  of  the  declination-circle.  Then,  if  the  mean 
of  the  two  microscope  readings  be  either  zero,  or  180°  from 
zero,  when  the  Telescope  points  in  the  direction  (70,  the  index 
error  to  be  determined  is  the  arc  Oil,  supposing  that  the  circle- 
reading  is  required  to  be  0°,  or  180°,  when  the  pointing  is  in 
the  direction  (711  parallel  to  the  axis  of  motion.  In  the  case 
of  the  Cambridge  instrument,  the  graduation  proceeds  from  0° 
to  360°,  and  the  Circle-reading  is  180°  when  the  graduated  face 
of  the  declination-circle  is  westward  and  the  Telescope  points 
in  (70,  the  reading  increasing  as  the  Telescope  is  moved  from 
that  position  southward.  To  obtain  a  measure  of  OH  the* 
Telescope  is  first  directed  to  a  star  (which  should  be  near  the 
meridian),  and  the  circle  is  read  off;  and  then,  after  turning 
the  instrument  through  half  a  revolution  by  the  hour-circle- 
graduation  in  order  to  reverse  the  decimation  axis,  the  Telescope 
is  pointed  to  the  same  star,  and  the  circle  is  again  read  off. 
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Let  0'  be  the  position  to  which  0  is  brought  by  the  reversion, 
so  that  OH  =  O'H  ;  and  let  the  measure  of  the  arc  a-  0,  inferred 
from  the  first  reading,  be  D,  and  that  of  the  arc  o-(7,  inferred 
from  the  second  reading  be  D '.  Then  the  measure  of  the  index 

error    Oil   is  -  (D1  —  D).     By   this   quantity   both    microscope 

readings  require  to  be  corrected  to  get  rid  of  index  error,  the 
sign  of  the  correction  being  determined  by  the  relative  mag- 
nitudes of  D  and  D'.  The  correction  is  made  mechanically  by 
altering  the  readings  of  the  microscopes  to  the  required  amount 
by  screws  provided  for  that  purpose  (see  Arts.  175  and  176). 
The  microscope  readings  are  farther  to  be  corrected  so  that  in 
some  one  position  of  the  instrument  they  are  made  to  bisect 
opposite  lines  of  graduation.  To  do  this,  take  the  microscope 
readings  for  the  selected  position,  and  supposing  180°  +  e  to  be 
the  algebraic  excess  of  the  reading  of  that  microscope  which  in 
the  order  of  the  graduation  is  in  advance  of  the  other,  correct 

p 

(by  the  screws  above-mentioned)  the  former  reading  by  —  -, 

M 

and  the  latter  by  +  ^ .     Then  as  the  mean  microscope  reading 

will  not  thereby  be  changed,  the  index  error  will  remain 
corrected  as  before,  and  the  microscope  readings  will  be  just  180° 
apart.  This  will  generally  not  be  the  case  for  other  positions 
of  the  instrument ;  but  as  the  effect  of  a  displacement  of  the 
circle  is  quam  proxime  to  increase  one  microscope  reading  just 
as  much  as  it  diminishes  the  other,  the  mean  microscope- 
reading  will  always  be  nearly  free  from  instrumental  error. 

When  the  graduation  of  the  Circle  proceeds  (as  in  the 
instance  of  the  Cambridge  Equatorial)  from  0°  to  360°,  the 
index  error  might  be  left  unconnected  and  of  any  amount,  and 
be  corrected  in  the  reduction  of  the  observations  as  in  the  case 
of  a  Transit-circle.  For  the  meridian  instrument  such  index 
errors  are  eliminated  by  means  of  determinations  of  the  "  zenith 
point,"  whereas  in  the  use  of  an  Equatorial,  they  would  have  to 
be  corrected  by  observations  of  known  stars.  It  is  usual,  how- 
ever, for  greater  convenience,  to  correct  the  index  error  me- 
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chanically,  so  that  a  Pointer  attached  to  one  of  the  microscopes, 
and  agreeing  in  its  indication  with  the  reading  of  that  microscope 
to  the  accuracy  of  1'  or  2',  may  be  used  for  setting  immediately 
for  an  object  according  either  to  declination  or  polar  distance. 

(2)  The  next  step  is  to  make  the  angular  elevation  of 
the  axis  of  motion  equal  to  the  altitude  of  the  Pole  of  the 
heavens.     For  simplicity  it  will  be  supposed  that  after  actual 
or  virtual  correction  of  index  error,  the  mean  Circle-reading  is 
0°  when  the  Telescope  is  pointed  in  a  direction  parallel  to  that 
axis.     Then,  if  a  known  star  be  bisected  when  it  is  on,  or  very 
near,  the  meridian,  as  indicated  by  the  sidereal  clock  (the  error 
of  which  has  been  ascertained  by  comparisons  with  the  transit- 
clock),  the   mean   Circle-reading   will   be  the  apparent  polar 
distance   of  the   star   affected   only  by  error  of  the   angular 
elevation  of  the  polar  axis,  and  the  amount  of  refraction.     The 
true  polar  distance  of  the  star  and  the  colatitude  of  the  place  of 
observation  being  known,  the  refraction  can  be  calculated  (as  sub- 
sequently shewn)  with  true  zenith  distance  for  argument,  and  the 
Circle-reading  be  corrected  accordingly.     The  algebraic  excess 
of  the  true  polar  distance  above  the  result  thus  obtained,  which 
may  be  called  the  instrumental  polar  distance,  is  the  correction 
to  be  applied  to  the  latter  for  error  of  elevation  of  the  polar 
axis.     For  greater  certainty,  the  adopted  correction  might  be 
the  mean  of  values  obtained  by  observations  of  several  known 
stars.     The  mechanical  correction  would  be  effected  by  turning 
the  lower  screw  b  (Fig.  40)  on  which  the  instrument  bears,  in 
the  direction  indicated  by  the  sign  of  the  correction,  and  to  the 
required  amount,  and  then  fixing  the  position  of  the  pivot  by 
bringing   the   opposite  screw   into   bearing.     The   amount   of 
revolution  to  be  given  to  the  screw  for  correcting  a  given  error 
might  be  calculated  by  a  simple  proportion  after  measuring  the 
interval,  parallel  to   the  axis   of  the   screw,  occupied   by   an 
integral  number  of  threads,  and  the  distance  between  the  two 
pivots.     (See  Art.  171.) 

(3)  For  finding  the  deviation  of  the  axis  of  revolution 
from  the  plane  of  the  meridian,  the  polar  distance  of  a  known 
star  is  to  be  observed  when  the  R.A.  differs  from  the  corrected 
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sidereal  time  of  the  clock  by  6h,  or  its  hour-angle  from  the 
meridian  is  90°.  In  that  case  the  observation  gives  the  instru- 
mental polar  distance  with  sufficient  exactness  whether  or  not 
the  error  of  position  of  the  axis  in  altitude  be  mechanically 
corrected.  But  the  measurement  is  affected  by  the  apparent 
displacement  of  the  star  in  a  vertical  plane  caused  by  refraction, 
and  the  correction  in  polar  distance  required  on  that  account 
has  to  be  calculated  according  to  a  formula  the  investigation  of 
which  will  be  given  in  a  subsequent  article.  The  algebraic 
excess  of  the  true  above  the  instrumental  polar  distance  thus 
corrected  is  the  quantity  which  measures  the  angular  deviation 
of  the  axis  of  revolution  from  the  plane  of  the  meridian,  the 
sign  of  the  excess  indicating  the  direction  of  the  deviation. 
The  error  in  amount  and  direction  being  thus  known,  the 
mechanical  process  by  which  the  polar  axis  is  brought  into  the 
plane  of  the  meridian  and  fixed  by  means  of  the  screw  a 
(Fig.  40)  and  its  antagonist,  is  exactly  analogous  to  that 
indicated  above  for  the  correction  in  altitude. 

(4)  The  next  operation  is  to  determine  the  error  of 
collimation  of  the  Telescope.  For  this  purpose  equatorial  stars 
are  to  be  selected,  as  the  determination  would  otherwise  be 
affected  by  error  of  position  of  the  declination-axis,  the  mode 
of  correcting  which  has  yet  to  be  indicated.  The  transit  of  an 
equatorial  star  having  been  taken  and  recorded  for  an  arbitrary 
position  of  the  plane  of  collimation  (not  far  from  the  meridian), 
the  Hour  Circle  is  to  be  read  off.  Then  after  reversing  the 
Telescope  by  changing  the  graduated  face  of  the  declination 
circle  with  respect  to  eastward  and  westward,  and  clamping  the 
instrument,  a  transit  of  the  same  star  is  to  be  taken  and  the 
Hour  Circle  again  read  off.  Let  T^  be  the  interval  between  the 
transit-times,  and  T^  the  difference  of  the  Hour  Circle  readings. 
Then  supposing  the  plane  of  collimation  to  deviate  too  much 
towards  the  east  in  the  first  position,  the  times  recorded  before 
the  reversion  will  be  too  early  by  a  certain  quantity,  and  that 
recorded  after  the  reversion  will  be  as  much  too  late.  Hence  Tt 
will  be  greater  than  T^  the  latter  being  the  hour-angle  through 
which  the  instrument  is  turned  from  one  position  to  the  other, 
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and  the  difference  Tt  —  T{  will  measure  double  the  error  of 
collimation.  Hence  the  required  correction  in  arc  is 

Ty^-zy), 

whether  Tl  be  greater  or  less  than  T^  if  the  upper  sign  be 
taken  to  apply  to  a  position  the  same  as  that  which  the  instru- 
ment had  before  the  reversion,  and  the  lower  sign  to  the  reverse 
position,  This  error  is  to  be  corrected  by  moving  the  wire- 
frame. 

(5)  The  method  of  correcting  by  star-observations  the 
position  of  the  declination-axis,  may  be  explained  by  reference 
to  Figure  43  (2).  Let  C  be  the  intersection  of  the  corrected 
plane  of  collimation  with  the  axis  of  motion  of  the  declination- 
circle  ;  through  C  conceive  to  be  drawn  a  plane  parallel  to  the 
earth's  equator,  cutting  the  plane  of  collimation  in  A  CA' ;  and 
through  the  same  point  C  draw  OP  parallel  to  the  earth's  axis. 
Then  the  plane  of  collimation,  being  required  to  pass  through 
the  pole  of  the  heavens,  should  coincide  with  the  plane  of  the 
arc  APA.  Suppose  that  it  actually  coincides  with  the  plane 
of  the  arc  ApA.  Then  the  error  of  position  of  the  declination- 
circle  which  has  to  be  corrected  is  the  small  spherical  angle 
at  A  ;  or,  if  a  plane  through  C  at  right  angles  to  AC  A  cut  the 
plane  ApA  in  Cp,  it  is  the  small  angle  PCp,  and  is  measured 
by  the  arc  Pp.  The  value  of  the  angle  is  obtained  by  observing 
as  follows.  Transits  of  a  star  are  taken,  and  the  Hour  Circle  is 
read  off,  just  as  for  determination  of  collimation-error.  (See  (4) 
above.)  Let  T2  be  the  interval  between  the  two  transits,  and 
TI  the  difference  of  the  Hour  Circle  readings.  Then  crn  repre- 
senting a  small  portion  of  the  diurnal  path  of  the  star,  the  angle 
(rPn,  due  to  the  error  of  position  of  the  declination-axis,  is  equal 

15 

in  arc  to  —  (T2  —  T^).     Let  the  required  arc  Pp  be  a,  and  the 

star's  polar  distance  Per  be  B.     Then 

L  crPn  —  an  cosec  B  =  Pp  cos  B  x  cosec  B  =  a.  cot  B. 

Hence  a  =  L  crPn  x  tan  B  =  y  (Tz  -  TJ)  tan  8. 
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A  star  should  be  selected  for  which  the  factor  tan  S  is  not  large, 
otherwise  the  result  may  be  injuriously  affected  by  errors  in  the 
observed  values  of  T2  and  T2'.  In  general  the  value  of  B  should 
be  less  than  the  colatitude  of  the  Observatory,  or  the  transits  be 
taken  between  the  zenith  Z  and  the  pole  P.  Just  as  in  the 
case  of  correction  of  collimation  error,  the  required  correction 

is  +  ~  (T2  —  !T2')  tan  8,  according  as  the  position  of  the  instru- 
ment is  the  same,  or  not  the  same,  as  that  it  had  before  the 
reversion.  The  amount  and  sign  of  the  correction  being  thus 
found,  the  correction  may  be  effected  mechanically  by  means  of 
a  screw  acting  transversely  to  the  declination-axis  at  one  end  of 
it,  as  indicated  by  the  screw  s  in  Figure  40. 

(6)  The  effect  of  the  foregoing  adjustments  being  to 
make  the  plane  of  collimation  pass  through  the  pole  of  the 
heavens,  the  last  adjustment  is  to  correct  the  index-error  of  the 
Hour  Circle.  The  two  microscopes  (n,  n  in  Fig.  40,  p.  258) 
point  to  the  opposite  ends  of  the  horizontal  diameter  of  the 
Circle,  the  graduation  proceeds  from  Oh  to  24h,  and  the  micro- 
scope-readings are  supposed  to  increase  as  the  instrument  is 
turned  eastward.  Let  the  reading  of  the  East  microscope  be 
set  to  its  zero,  as  indicated  by  the  hole  of  the  comb  and  the 
graduated  micrometer-head,  and  let  the  instrument  be  turned 
about  the  polar  axis  by  the  slow-motion  handle  till  the  gradu- 
ation-line corresponding  to  Ob  is  bisected  by  the  cross-wires  of 
the  microscope.  It  will  be  assumed  that  the  position  and 
pointing  of  the  microscope  has  already  been  so  adjusted,  that  the 
plane  of  collimation  is  thus  made  to  be  nearly  coincident  with 
the  plane  of  the  meridian.  Under  these  circumstances,  let  the 
transit  of  a  known  equatorial  star  be  taken,  and  after  obtaining 
the  error  of  the  clock  by  means  of  chronometer  reference  to  the 
transit- clock,  let  the  sidereal  time  of  the  transit  be  calculated. 
The  difference  between  this  time  and  the  apparent  KA.  of  the 
star  measures  the  distance  of  the  plane  of  collimation  from  the 
meridian.  For  instance,  if  the  sidereal  time  be  less  than  the 
star's  R.A.  by  the  interval  /3s,  the  plane  of  collimation  requires 
to  be  turned  westward  through  ft*  to  be  placed  in  coincidence 
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with  the  meridian.  This  may  readily  be  done  with  either 
microscope  by  first  bisecting  a  graduation-mark  by  the  cross- 
wires,  and  after  diminishing  the  reading  by  turning  the  micro- 
meter-head through  /3,  causing  by  the  slow-motion  handle  the 
same  mark  to  be  again  bisected.  Then,  supposing  the  graduation 
of  the  declination-circle  to  be  westward,  after  setting  each 
microscope  to  its  zero-reading,  the  east  one  is  to  be  pointed 
exactly  to  Oh,  and  the  west  one  exactly  to  12h,  by  means  of  the 
screws  provided  for  adjusting  the  pointings  of  the  microscopes. 
By  these  processes  the  index  error  is  corrected,  and  at  the  same 
time  the  microscope-readings  are  adjusted.  After  this  the  mean 
microscope-reading  measures  the  deviation  of  the  plane  of 
collimation  from,  the  meridian  eastward. 


Mechanical  Adjustments  of  an  Equatorial. 

276.  The  adjustment  of  the  direction  of  the  axis  of  revolu- 
tion of  the  instrument,  as  having  reference  to  the  Pole  of  the 
heavens,  is  necessarily  performed  by  means  of  observations  of 
stars.  The  other  adjustments  have  reference  either  to  the 
earth  or  the  instrument,  and  can  consequently  be  effected 
either  by  stars,  as  already  shewn,  or  by  mechanical  means.  It 
is  convenient  to  be  furnished  with  means  of  applying  the  latter 
method  in  order  to  be  readily  able  to  secure  that  the  instrument 
shall  at  no  time  be  largely  out  of  adjustment. 

(1)  The  axis  of  the  Declination-circle  has  to  be  placed 
so  as  to  be  coincident  with,  or  parallel  to,  a  straight  line  cutting 
the  polar  axis  at  right  angles. 

(a)  To  satisfy  this  condition  use  is  made  of  a  swinging, 
or  hanging,  spirit-level,  which  is  held  in  position  by  two  parallel 
supports  fixed  to  the  nave  of  the  declination-circle  (see  Fig.  40, 
p.  258).  Hitherto  we  have  only  had  under  consideration  the 
striding  level  (Arts.  67 — 79) ;  it  is  now  required  to  describe  the 
swinging  spirit-level,  and  the  arrangements  whereby  it  is  ap- 
plied for  adjusting  the  declination-axis  of  an  equatorial.  This  I 
proceed  to  do  by  reference  to  Figure  44,  (1),  (2),  (3).  In  (1)  is 
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represented  the  brass  tube  ab,  containing  the  level  and  movable 
about  two  cylindrical  pivots  e  and  e',  v/hich  are  fixed  to  the 
two  supports  so  as  to  have  their  axes  in  coincident  directions. 
The  tube  has  at  its  two  circular  ends  two  Y's,  which  rest  on  the 
pivots  in  the  manner  shewn  in  (3).  The  positions  of  these  Y's 

Fig.  44. 


are  eccentric  with  respect  to  the  ends  of  the  tube,  so  that  the 
part  ba  is  always  downwards.  A  scale  for  reading  off  the 
bubble-ends  is  attached  to  the  brass  tube  by  means  of  screws^, 
which  fix  the  scale  in  position  after  it  has  been  shifted  in  the 
direction  of  the  axis  of  the  tube  for  adjusting  the  level-readings. 
For  making  this  adjustment  it  is  required  to  be  able  to  reverse 
the  level.  This  can  be  done  after  drawing  out  the  rod  h  (3), 
which  detains  the  pivot  e  within  the  limits  of  the  aperture 
when  the  instrument  is  being  turned  about  its  axis.  The  tube 
of  the  level  may  then  be  reversed,  and  the  readings  of  the 
bubble-ends  for  an  arbitrary  position  of  the  scale  may  be 
determined  for  the  case  in  which  the  axis  of  motion  of  the  tube 
is  horizontal,  in  the  manner  described  in  Arts.  69  and  70.  It 
will  be  convenient  to  adjust  the  scale  in  that  case  so  as  to  make 
the  two  readings  equal,  care  having  been  previously  taken  to 
place  the  instrument  so  that  the  bubble  is  not  far  from  the 
mid-position  relative  to  the  exposed  part  of  the  glass. 

(13)  After  this  adjustment,  turn  the  Telescope  till  the 
Level  is  immediately  above  the  declination-axis,  move  the 
Polar  Frame  till  the  axis  of  motion  of  the  Level  is  placed 
horizontally  by  means  of  the  scale-readings  of  the  bubble-ends, 
and  clamp  the  Hour  Circle.  That  axis  being  now  in  the 
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position  AB  [Figure  45  (1)],  bring  it  to  A'B'  by  turning  the 
Telescope  in  declination  through  180°.  Then  AB  and  A'B  are 
in  a  vertical  plane  and  make  equal  angles  with  the  declination- 
axis  Oc,  and  the  movement  of  the  bubble  measures  the  angle 
A  OA',  which  is  double  the  angle  of  deviation  of  Oc  from  the 
horizontal  direction.  Hence  the  bubble  must  be  brought  half- 
way back  by  the  screw  s  [Figure  44  (1)  and  (2)],  which  changes 
the  height  of  the  pivot  e  [as  shewn  in  (2)],  by  which  means  the 

Fig.  45. 


level-axis  is  placed  parallel  to  the  declination -axis.  The  aper- 
ture in  which  the  pivot  is  caused  to  move  is  covered  by  a 
movable  plate  d. 

(7)  The  Level-axis  and  Declination-axis  being  now 
parallel,  place  the  latter  in  a  horizontal  position  by  the  Level, 
and  read  off  the  Hour  Circle.  Turn  the  Polar  Frame  half 
round  till  the  declination-axis  is  again  horizontal,  read  off  the 
Hour  Circle  again,  and  then  make  the  Hour  Circle  reading  to 
differ  just  12h  from  the  first  reading.  Suppose  that  by  these 
operations  the  declination-axis  is  moved  from  its  original  posi- 
tion ab  to  a'b'  [Figure  45  (2)].  Then  since  the  two  positions  are 
thus  made  to  incline  equally  in  opposite  directions  to  the  polar 
axis  OP,  the  dotted  line  aaf  joining  the  two  places  of  any  point 
a  of  the  declination-axis  is  perpendicular  to  OP,  and  the  error 
of  position  of  the  axis  in  the  second  position  is  the  angle  aab' ', 
which  is  the  half  of  the  angle  aob'.  Hence  the  requisite  correc- 
tion is  made  by  placing  the  instrument  in  a  position  inter- 
mediate to  the  two  last,  as  inferred  from  the  Hour  Circle 
readings  for  these  positions,  and  then  putting  the  bubble  in 
mid-position  by  the  adjusting  screw  s  (Fig.  40)  of  the  declina- 
tion-axis. Any  future  want  of  adjustment  will  then  be  indicated 
by  the  scale-readings. 
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(2)  The  Collimation  Error  may  be  corrected  by  means 
of  a  mark  near  the  meridian  as  follows.     The  declination-axis 
being  adjusted,  bisect  the  mark  by  the  middle  wire,  and  read 
off  the  Hour  Circle.     Reverse  the  Telescope,  by  reversing  the 
instrument  from  graduation   West  to  graduation  East   or  the 
contrary,  bisect  the  mark  again,  and  read  off  the  Hour  Circle. 
Then  by  means  of  the  difference  of  the  Hour  Circle  readings, 
point  the  Telescope  in  a  direction   intermediate   to   the   two 
former  directions,  and  by  the  wire-frame  adjustment  make  the 
middle  wire  bisect  the  mark.     The  error  of  collimation  of  the 
middle  wire  is  then  corrected. 

(3)  Lastly,  the  Index  Error  of  the  Hour  Circle  may  be 
corrected,  after  all  the  foregoing  adjustments  have  been  per- 
formed, by  first  placing  the  declination-axis  horizontal  by  the 
swinging  Level,  whereby  the  plane  of  collimation  is  brought 
into  the  plane  of  the  meridian,  and  then  by  the  proper  ad- 
justing screws  (Art.  272  (6))  making  the  Hour  Circle  reading 
zero. 

277.  Supposing  all  the  adjustments  to  have  been  made  as 
exactly  as  possible  by  means  of  stars,  if  the  plane  of  collimation 
be  placed  in  the  meridian,  and  the  Telescope  be  pointed  by  the 
declination- circle  to  a  polar  distance  equal  to  the  colatitude 
+  90°,  the  line  of  collimation  will  be  directed  due  southward, 
and  will  be  horizontal.  The  Cambridge  Five-feet  Equatorial 
has  a  swinging  Level  attached  to  the  Telescope-tube,  with  its 
axis  of  motion  approximately  parallel  to  the  axis  of  the  tube. 
As  this  level,  like  the  one  pertaining  to  the  declination-circle,  is 
capable  of  reversion  (Art.  276  (1)  (a)),  let  the  adjustment  of  its 
axis  to  horizontality  be  performed  when  the  Telescope's  line  of 
collimation  points,  as  just  mentioned,  horizontally  southward. 
The  level-axis  will  thus  be  placed  par  olid  to  the  line  of 
collimation.  After  making  this  arrangement,  the  level-scale 
might  be  adjusted  so  that  the  readings  for  the  bubble-ends  are 
equal,  or  the  bubble  is  put  in  mid-position.  Then  if  at  any 
future  time  the  line  of  collimation  be  pointed  horizontally 
southward  by  the  graduation  of  the  declination-circle,  and  the 
bubble  be  seen  to  have  shifted  from  its  mid-position,  this  will 
c-  18 
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indicate   that   the   angular   elevation   of  the    polar   axis  has 
changed,  and  may  require  re-adjustment. 

278.  The  determination  of  the  position  of  the  polar  axis  by 
the  method  given  in  Art.  275  (2)  (3)  requires  the  use  of  a 
graduated  declination-circle.  If  the  Equatorial  has  no  declina- 
tion-circle, and  only  a  graduated  sector  (which  is  the  case  of  the 
Northumberland  Equatorial,  as  there  will  be  occasion  to  men- 
tion subsequently),  the  error  of  position  of  the  polar  axis  may 
be  found  by  the  following  process,  by  means  of  an  equatorially 
adjusted  micrometer-wire.  In  Figure  46,  Z  is  the  zenith,  P  the 


pole  of  the  heavens,  II  the  instrumental  pole,  a-  the  place  of  a 
star,  ZP<r(6)  its  hour-angle  reckoned  positive  towards  the  west, 
and  II n,  liq  are  respectively  perpendicular  to  ZP  and  Pa.  It 
is  required  to  find  the  coordinates  Pn(x)  and  IIw(y)  of  II.  Let 
PU  =  p  and  tnPU  =  OL.  Then  Pq  =  PH  cos  ^  HPq  =  p  cos 
(Q  _  a)  =  p  cos  a  cos  0  -f  p  sin  a  sin  0  =  x  cos  6  +  y  sin  0.  For  an- 
other hour-angle  (#')  of  the  same  star,  the  Telescope  being 
clamped  so  as  to  prevent  change  of  instrumental  polar  distance 
Pq  =  x  cos  0'  +  y  sin  ff ,  and  for  a  third  hour-angle  (0"),  Pq'  = 
x  cos  6"  +  y  sin  6".  Then,  Uq  being  drawn  perpendicular  to  Pa, 
qa-  is  very  approximately  the  instrumental  polar  distance,  and 
Pq'  _  Pq  is  the  difference  of  the  instrumental  polar  distances  in 
the  first  and  second  positions.  This  difference,  which  would 
vanish  (but  for  refraction)  if  II  coincided  with  P,  is  measured 
by  the  difference  of  the  micrometer-readings  for  those  positions. 
Let,  thereiore,  the  values  of  Pq  -  Pq  and  Pq"  —  Pq  when  con- 
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verted  into  arc,  and  corrected  for  refraction  (by  a  process  to  be 
given  subsequently),  be  respectively  a  and  /3.     Then  we  have 

a  —  x  (cos  6'  —  cos  0)  +  y  (sin  0'  -  sin  0), 
$  =  x  (cos  0"  -  cos  0)  +  y  (sin  0"  -  sin  0). 

These  two  equations  give  for  calculating  x  and  y, 

£  cos  I  (ff  +  6}  sin  I  (ff  -  6)  -  a  cos|  (&'  +  0)  ani(^  -  0) 

z  z  z  ^ 

*  = T 1 T ' 

2  sin  i  sin  (0"  -  0)  sin  3  (<9"  -  0'}  sin  3  (0'  -  6} 

L  2  Z 

/3  sin  |  (0'  +  (9)  sin  |  (0'  -  0)  -  a  sin  i  sin  (0"  +  0)  sin  ^  (0"  -  0) 
Z  Z  2  ^ 

y= 7 T T •> 

2  sin  |  sin  (0"  -  6)  sin  i  (I97'  -  ff)  sin  i  (^  -  6) 

x  being  the  angular  deviation  of  the  pole  of  the  instrument  from 
the  Pole  towards  the  south,  and  y  that  towards  the  west. 

279.  For  taking  observations  of  Right  Ascension  and  Polar 
Distance  with  an  Equatorial,  the  following  adjustments  and 
determinations  are  also  required.  (1)  To  adjust  the  fixed  trans- 
verse wire  equatorially,  small  stars  near  the  equator  are  made, 
by  screw-adjustment,  to  traverse  the  wire  so  as  to  be  bisected  by 
it  from  end  to  end.  (2)  Readings  of  the  two  micrometer-wires 
for  coincidence  with  the  fixed  wire  are  taken  at  the  five  vertical 
wires  to  correct  for  defect  of  their  parallelism  to  that  wire. 

(3)  The  equatorial   intervals   between   the  vertical  wires  are 
determined  by  transits  of  Polaris,  after  bringing  the  plane  of 
collimation  to  coincide  nearly  with  the  plane  of  the  meridian. 

(4)  The  value  in  arc  of  one  revolution  of  the  eye-piece  double 
micrometer  is  found  by  means  of  transits  of  Polaris.    The  modes 
of  performing  these  operations  need  not  be  stated  here,  since 
they  have  been  given  in  full  detail  in  treating  of  the  Transit 
and   Mural  Circle,   or  the   Transit-Circle.     (For   examples   of 
numerical  calculations  of  equatorial  adjustments,  and  determina- 
tions of  micrometer-revolutions,   see    the   Cambridge    Observa- 
tions, Vol.  XI.  pp.  Ixxiii — Ixxvi.  and  Vol.  XII.  pp.  xxix — xxxvi.) 
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III.      METHODS  OF  OBSERVING  WITH   THE  EQUATORIAL,   AND 
ELIMINATION  OF  INSTRUMENTAL  ERRORS. 

280.  The  Apparent  Right  Ascensions  and  Polar  Distances 
of  celestial  objects  may  be  obtained  by  the  use  of  an  Equatorial 
either  directly,  or  by  the  intervention  of  stars  of  comparison.  I 
propose  to  adduce  both  methods,  giving,  first,  the  processes  for 
determining  the  places  of  objects  independently  of  known 
places  of  stars.  First,  the  instrument  has  to  be  set  for  observing 
the  given  object.  It  will  be  supposed  that  the  right  ascension 
and  polar  distance  of  the  object  are,  at  least,  approximately 
known;  which  will  be  the  case  except  under  circumstances  that 
will  be  subsequently  mentioned.  The  setting  for  observing  in 
P.D.  is  effected  by  the  graduation  of  the  declination-circle  and 
the  index  coincident  in  position  with  A,  one  of  the  two  micro- 
scopes. The  setting  for  an  observation  in  R.A.  to  be  taken  at  a 
chosen  epoch  of  mean  time  is  performed  by  means  of  the  eastern 
microscope  of  the  hour-circle,  and  the  known  error  of  the  clock 
on  sidereal  time.  By  subtracting  the  calculated  sidereal  time 
of  epoch  from  the  approximate  E.A.  of  the  object,  its  approxi- 
mate hour-angle  eastward  at  that  time  is  obtained.  If  the 
hour-circle  index  be  set  to  this  hour-angle,  the  setting  in 
declination  secures  that  the  object  shall  pass  nearly  across  the 
middle  of  the  field,  and  the  observation  can  be  taken  both  in 
R.A.  and  P.D.  if  the  observer  has  been  careful  to  set  the  instru- 
ment a  convenient  interval  before  the  object  enters  the  field. 
The  process  of  taking  the  observation  is  just  the  same  as  that 
for  an  observation  with  a  transit-circle.  The  times  of  transit 
across  the  vertical  wires  are  recorded,  and  the  object  is  bisected 
by  the  fixed  wire,  by  slow  movement  of  the  declination-circle,  or 
optionally  by  one  of  the  two  micrometer-wires.  By  use  of  the 
three  wires  several  objects  following  in  quick  succession,  and  of 
approximately  the  same  P.D.,  may  be  observed  without  move- 
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ment  of  the  declination-circle  for  a  fresh  setting.  The  readings 
of  the  two  declination-microscopes  are  then  recorded,  just  as  in 
Circle-observations,  as  are  also  the  micrometer  readings  (if  any), 
and  the  readings  of  the  two  hour-circle  microscopes. 

281.  The  Runs  of  the  declination-microscopes  have  to  be 
taken  from  time  to  time,  as  well  as,  on  the  same  principles,  those 
of  the  hour-circle  microscopes,  in  order  to  apply  in  both  cases 
corrections  for  Runs  in  the  reduction  of  the  observations.     Also 
errors  of  hour-angle  and  polar  distance,  due  to  ascertained  error 
of  position   of  the   polar  axis,  have   to   be   corrected   in   the 
reduction  of  the  observations.    Formulae  proper  for  calculating 
the  amounts  of  these  corrections  may  be  obtained  as  follows. 
In  Figure  46,  a  is  the  place  of  the  object,  Pq  is  error  of  position 
of  the  polar  axis  in  P.D.,  being  equal  to  Pa-  —  Tier  ;    and  if  II<r 
and  Per  be  produced  so  as  to  cut  the  Equator  A  Q  in  m'  and  w, 
mm  is  the  error  of  hour-angle.     As  in  Art.  278, 

Pq  =  x  cos  6  +  y  sin  0, 

x  and  y  being  the  ascertained  errors  of  the  position  of  II  in 
altitude  and  azimuth.  The  value  of  Pq  given  by  this  formula 
is  the  quantity  to  be  added  to  the  observed  P.D.  to  obtain  the 
true  P.D.  Also 

ITg  =  p  sin  (6  —  a)  =  p  cos  a  sin  6  —p  sin  a  cos  6  —  x  sin  Q  —  y  cos  0. 

Let  Per  —  8.     Then  the  error  in  hour-angle,  mm',  is  equal  to 
L  mam'  cos  8,  or  Tlq  cot  8.     Hence  mm  (in  time) 

cot  8  ...  ~ 

—  -rpr-  (x  sm  6  —  y  cos  0). 
ID 

Since  when  x  and  y  are  both  positive,  and  the  hour-angle  is 
positive,  or  cr  is  on  the  west  side  of  the  meridian,  the  point  m 
is  more  westward  than  m,  it  follows  that  the  above  quantity  is 
to  be  added  to  the  R.A.  by  the  observation  to  obtain  the 
true  R.A. 

282.  After  applying  the  above  corrections  for  the  error  of 
position  of  the  polar  axis,  in  case  there  may  still  be  residual 
error  requiring   correction,  it   is   proper   in   every  instance  to 
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observe  the  object  in  reverse  positions  of  the  declination-circle, 
that  is,  with  graduation  westward  and  graduation  eastward; 
and  one  observation  should  be  separated  from  the  other  by  as 
small  an  interval  of  time  as  possible.  As  this  method  of 
observing  in  reverse  positions  tends  to  correct,  by  mean  results, 
instrumental  errors  in  various  ways,  it  ought  always  to  be 
adopted  when  the  observer  proposes  to  determine  the  places  of 
objects  by  direct  instrumental  means. 

283.  In    like    manner    formula    might   be   obtained   for 
calculating  corrections  of  observed  R.A.  and  P.D.  for  a  given 
error  of  position  of  the  axis  of  the  declination-circle.     But  it 
is  unnecessary  to  do  this,  because  if  this  error  of  position  be 
corrected  mechanically  in  the  manner  described  in  Art.  275  (5), 
and  if  the  rule  of  observing  in  reversed  positions  of  the  declina- 
-tion-circle  be  also  attended  to,  a  degree  of  accuracy  is  attained 
not  inferior  to  that  which  would  result  from  applying  the  above- 
mentioned   corrections.     So   for   a   given  error  of  collimation, 
obtained   as   indicated   in   Art.  275  (4),  corrections   might  be 
calculated  and  applied  just  as  in  meridian-transits.     But  if  the 
mean  of  the  RA.  obtained,  within  a  small  interval,  in  reverse 
positions  of  the  Telescope,  be  adopted,  the  effect  of  collimation- 
error  will  be  very  nearly  eliminated.     The  only  other  instru- 
mental corrections  are  those  for  reduction  to  the  mean  of  the 
wires  for  omitted  wires  in  taking  the  transits,  and  the  correc- 
tions  for   Runs   both   in   the  readings  off  of  the  declination- 
microscopes   and  the  hour-circle  microscopes.     The  principles 
and  the  methods  of  applying  the  corrections  of  both  kinds  may 
be  gathered  from  the  explanations  given  in  Arts.  116 — 126,  and 
in  Arts.  177 — 179,  and  need  not  be  repeated  here.     When  all 
the  foregoing  corrections  have  been  carefully  determined  and 
applied,  it  is  found  that  celestial  places  may  be  obtained  inde- 
pendently by  an  Equatorial  with  a  great  degree  of  accuracy. 

284.  It  remains  to  give  account  of  the  method  of  observing 
apparent   RA.   and   P.D.  with   an   Equatorial   by  differential 
observations,  that  is,  by  comparisons  with  the  RA.  and  P.D.  of 
a  known  star.     This  is  the  usual  method  of  obtaining  celestial 
places  by  an  Equatorial,  being,  in  fact,  more  accurate  than  the 
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independent  method,  inasmuch  as  it  is  more  free  from  errors 
incident  to  the  oblique  position  of  the  polar  axis,  and  the  place 
of  the  comparison-star  may  be  ascertained  at  any  time  with 
as  much  accuracy  as  may  be  desired  by  means  of  meridian 
observations.  The  difference  between  the  R.A.  of  the  selected 
comparison-star,  and  the  approximately  known  R.A.  of  the 
object  compared,  may  be  of  any  convenient  amount ;  but  the 
difference  of  their  P.D.  should  be  small,  not,  in  general,  ex- 
ceeding two  or  three  degrees.  For  observing  the  unknown 
object  at  or  about  a  proposed  mean,  or  sidereal,  time,  the 
instrument  is  set  in  the  manner  described  in  Art.  280,  regard 
being  had  to  the  difference  between  its  R.A.  and  that  of  the 
star.  The  hour-circle  is  then  clamped  to  prevent  movement 
about  the  polar  axis,  and  the  difference  of  the  R.A.  of  the  two 
objects,  the  difference  of  their  P.D.  being  small,  is  considered 
to  be  measured  with  sufficient  accuracy  by  the  difference  of 
the  times  of  their  transits  across  the  mean  of  the  wires,  when 
bisected,  one  after  the  other,  by  the  fixed  wire. 

285.  The  difference  of  their  P.D.  is  obtained  either  by 
reading  off  the  declination-circle  and  correcting  for  Runs,  or 
by  a  measurement  made  by  a  micrometer-wire.  In  the  former 
case  the  preceding  object  is  bisected,  as  it  crosses  the  mid- wire, 
by  the  fixed  wire  by  means  of  the  slow-movement  in  declina- 
tion, the  graduation-lines  are  then  bisected  by  the  cross-wires 
of  the  two  microscopes  (as  in  transit-circle  observations),  after 
which  the  declination-circle  is  moved  for  taking  a  like  observa- 
tion in  R.A.  and  P.D.  of  the  following  object.  The  microscope- 
bisections  are  then  read  off,  and  new  bisections  are  made  and 
read  off  for  the  second  observation.  The  observation  is  com- 
pleted by  recording  the  position  of  the  graduation  of  the 
declination-circle  as  to  eastward  or  westward,  it  being  unneces- 
sary to  read  off  the  hour-circle,  because  the  apparent  hour- 
angle,  being  the  difference  between  the  known  R.A.  of  the 
comparison-star  and  the  sidereal  time  of  its  transit  across  the 
mean  of  the  wires,  is  always  derivable  from  the  observation. 
In  the  other  case,  that  of  the  difference  of  P.D.  being  so  small 
as  to  allow  of  its  being  measured  by  one  of  the  micrometer- 
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wires,  the  preceding  object  is  bisected,  as  before,  by  the  fixed 
wire,  and  the  following  object  by  the  micrometer- wire  as  it 
crosses  the  mid-wire.  The  difference  between  the  micrometer- 
reading  for  the  bisection,  and  that  for  coincidence  with  the 
fixed  wire  at  the  mid-wire,  gives,  after  conversion  into  arc,  the 
apparent  difference  of  P.D.  This  method,  as  requiring  no 
movement  of  the  declination-circle,  is  likely  to  be  more  accurate 
than  the  other,  and  should  be  employed  whenever  the  difference 
of  P.D.  is  not  too  large  for  safe  measurement  with  the  micro- 
meter. Even  in  cases  of  determining  places  of  objects  by 
differential  observations,  it  is  advisable  to  take  observations  in 
reverse  positions  of  the  instrument,  as  residual  errors  are 
thereby  likely  to  be  eliminated.  The  above  described  differ- 
ential observations  are  much  used  for  determining  initial  places 
of  newly  discovered  planets  and  comets. 


IV.      FINAL   CALCULATION  OF  RIGHT  ASCENSIONS  AND  POLAR 
DISTANCES   FROM   EQUATORIAL  OBSERVATIONS. 

286.  After  getting  rid,  as  accurately  as  possible,  of  all 
effects  of  instrumental  errors  by  the  processes  described  in 
Section  III.,  it  is  required  to  apply  in  all  instances  corrections 
for  refraction  in  R-.A.  and  P.D.,  and  in  the  case  of  moving 
bodies  to  correct  also  for  local  parallax  in  R.A.  and  P.D. 

Fig.  47. 


Formulae  for  calculating  the  corrections  for  refraction  in  inde- 
pendent observations  may  be  obtained  as  follows  by  reference 
to  Figure  47  (1).  Z  is  the  zenith,  P  the  pole  of  the  heavens, 
S  the  place  of  object,  PS  its  true  polar  distance,  and  ZQ  is  an 
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arc  cutting  PS  at  right  angles.  Let  S'  be  the  place  of  the 
object  as  altered  by  refraction,  so  that  8S'  is  the  vertical  refrac- 
tion. The  observations,  freed  from  instrumental  errors,  give 
PS',  and  the  hour-angle  ZPS' ;  and  since  PZ,  the  colatitude 
(I)  is  known,  the  apparent  zenith  distance  ZS'  may  be  calculated 
with  these  data  from  the  triangle  ZPS'.  Let  SS'  =  r,  and 
ZS'  =  z'.  Then  if  we  put  r  —  A'  tan  #',  the  factor  A'  may  be 
calculated  exactly  by  Bessel's  Refraction  Tables  according  to 
the  example  given  in  page  LXIII.  of  the  Tabulce  Regiomontance, 
or  according  to  that  given  in  page  (iii)  of  Appendix  I.  to 
the  Greenwich  Observations  of  1836.  The  vertical  refraction, 
A  tan  z',  may  then  be  obtained  with  as  much  precision  as  in 
the  case  of  a  meridian  observation. 

287.  In   Figure  47  (1),  let  PS'  =  X,  PQ'=A',  ZQ'  being 
perpendicular  to  PS',  and  let  L  PS'Z=S'.     Then  the  refraction 
in  P.D.  =  Sn,  which  without  sensible  error  is  equal  to  SS'  cos  S'9 
or  A'  tan  z  cos  $'.     But  because  cos  S'  =  tan  Q'S'  cot  /,  refraction 
in  RA.  =  A'  tan  Q'S'  =  A'  tan  (8'  —  A'),  and  A'  is  to  be  obtained 
from  the  equation  tan  A'  =  tan  I  cos  ZPQ'.     The  refraction  in 
RA.  =  L  SPS'  =  S'n  cosec  S'  =  SS'  sin  S'  cosec  S'  =  A  tan  /  sin  S' 
x  cosec  8'.    But  by  the  triangle  ZQ  $',sin  Q'S'=  cot  S'  tan  ZQ' ,  and 
cos  S'  =  tan  Q'S'  cot  z.      Hence   tan  z  sin  S'  =  tan  ZQ'  sec  Q'S'. 
Consequently,  refraction  in  RA.  =  J/tan  ZQ' cosec  B'  sec  (8f  —  A'). 
To  obtain  A  from  the  Table,  the   argument  /  is  first  to  be 
found  from  the  equation  cos  z  —  cos  ZQ  cos  (S'— A').     It  will  be 
seen  that  the  calculations  might  be   shortened   by  means  of 
tabulated  values  of  A',  tan  ZQ',  and  cos  ZQ',  the  argument  being 
the  hour-angle. 

288.  Before  proceeding  to  obtain  formulae  for  the  refrac- 
tion-corrections in  differential  observations,  it  will  be  supposed 
that  values  of  A,  and  also  of  A'  tan  /,  have  been  tabulated  for 
a  series  of  apparent  zenith  distances  separated  by  5°  or  other 
convenient  interval,  with  the  view  of  deducing  their  values  by 
interpolation  for  any  intermediate  zenith  distance.     In  forming 
these  tables  it  suffices  to  employ  mean  values  of  the  readings  of 
the  barometer  and  thermometer  as  known  from   observations 
extending  over  one  or  more  years,  because  as  the  difference  of 
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the  zenith  distances  of  the  two  objects  is  small,  the  errors 
arising  from  employing  mean  instead  of  actual  values  may  be 
assumed  to  be  the  same  for  the  refraction- corrections  of  both, 
so  as  to  disappear  in  the  differences  of  RA.  and  P.D.  In  the 
refraction-formulae  for  differential  observations  the  most  con- 
venient argument  is  the  true  zenith  ZS  (Figure  47  (1)), 
because,  as  the  co-latitude  PZ  and  the  common  hour-angle 
ZPS  are  known,  this  zenith  distance  can  be  calculated  for  the 
star  from  its  known  polar  distance  PS,  and  for  the  other  object, 
with  sufficient  exactness,  from  its  approximate  polar  distance 
inferred  from  the  observed  difference  of  P.D.  uncorrected 
for  refraction.  Putting  z  for  ZS,  let  us  suppose  that  the  ver- 
tical refraction  is  Atanz.  Then  if  its  amount  be  r,  we  have 
r  =  A  tan  z=A'  tan  z'  =  A'  tan  (z  —  r).  Hence  it  will  be  found, 
terms  of  the  second  order  with  respect  to  r  being  included,  that 

A'  A' 

r  =  ^ j7 =—  tan  z,  and  .'.  A  =  — — -p — . 

1+Aaecz  l+Asec'z 

If  now  r  be  obtained  by  interpolation  from  the  above-mentioned 
table  of  values  of  J/tan/,  the  argument  pro  hdc  vice  being  z 
(which  is  near  enough),  and  then,  with  argument  z  —  r,  A' be 
interpolated  from  the  other  table,  the  value  of  A  may  be 
calculated  from  the  foregoing  equation,  and  that  of  r  from  the 
equation  r  =  A  tan  z.  By  the  process  indicated  the  vertical 
refraction  may  be  obtained  with  the  utmost  precision ;  but 
generally  it  would  be  sufficiently  accurate,  after  obtaining  A' 
in  the  manner  above  stated,  to  take  A  =  A'.  On  the  foregoing 
principles  a  table  of  values  of  A,  separated  by  suitable  intervals 
of  true  zenith  distance,  might  be  calculated,  and  its  value  for 
any  other  true  zenith  distance  be  thence  derived  by  interpola- 
tion. After  thus  obtaining  A  tan  z,  the  formulae  for  the  refrac- 
tions in  RA.  and  P.D.  become  the  same  as  those  in  Art.  287, 
after  removing  the  dashes  from  A,  8,  A,  and  Q.  (See  Fig. 
47  (1).) 

289.  The  following  formulae  for  calculating  very  small 
differences  of  refraction  in  RA.  and  P.D.,  the  hour-angle  being 
given,  are  deduced  by  differentiation  from  the  last-mentioned 
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formulae  for  refractions  in  R.A.  and  P.D.  Let  a  be  the  appa- 
rent difference  of  P.D.  of  the  two  objects,  as  affected  by  refrac- 
tion, and  a  be  the  true  difference,  for  the  same  hour-angle. 
Then  a  =  a'  (1  +  A  sec2  (8  -  A)).  Let  p  be  the  observed  differ- 
ence of  transits  at  the  given  hour-angle,  and  ft  the  true 
difference.  Then 

ft  =  p  -  ^-  tan  ZQ  sec'2  (8  -  A)  cosec2  8  cos  (28  -  A). 
ID 

For  greater  accuracy  the  mean  between  the  apparent  and  true 
P.D.,  viz.  8  +  -» ,  should  be  substituted  for  8. 

290.  It  will  be  seen  from  the  foregoing  investigations  that 
the  calculations  of  the  refractions  in  R.A.  and  P.D.  would  be 
facilitated  by  any  ready  means  of  obtaining  with  sufficient 
accuracy  the  zenith  distance  ZS'  and  the  angle  S'.  This 
purpose  is  intended  to  be  answered  by  Ramsderis  Refraction- 
piece  (already  referred  to  in  Art.  273),  the  construction  and  use 
of  which  I  propose  now  to  explain  by  means  of  Figure  47  (2) 
and  (3).  In  (2)  ZPz  is  a  circular  plate  at  the  eye-end  of  the 
Telescope-tube,  intersected  by  the  axis  of  the  tube  perpen- 
dicularly at  S,  and  graduated  at  its  rim  from  0°  to  360°.  The 
graduation  is  made  to  revolve  about  that  axis  by  turning  a 
milled-head-and-screw,  and  is  read  off  by  an  adjustible  index 
fixed  to  the  tube.  (The  apparatus  is,  in  fact,  nearly  the  same 
as  that  of  a  position-circle.)  A  small  spirit  level  ee  is  attached 
to  the  revolving  plate,  and  may  be  placed,  by  turning  the 
plate,  so  that  the  bubble  is  in  mid-position  when  the  Telescope 
is  directed  to  any  point  of  the  heavens.  By  construction  the 
plane  ZSz  passing  through  the  zero  of  graduation  is  made  to 
divide  the  level  symmetrically  in  such  manner  that  when  the 
bubble  is  in  mid-position  the  line  SZ  is,  as  nearly  as  may  be, 
vertical.  Accordingly  the  angle  S'  is  obtained  as  follows.  The 
Telescope  being  first  pointed  horizontally  southward,  the  index 
at  Z  on  the  tube  is  adjusted  to  0°  exactly.  Conceive,  now, 
the  Telescope  to  be  directed  to  any  projection  of  the  point  8 
on  the  heavens,  and  let  PS  be  in  the  new  plane  of  collima- 
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tion.  Then  to  put  the  bubble  again  in  mid-position  the 
circular  plate  has  to  be  turned  through  an  arc  equal  to  the 
change  of  position  of  the  plane  of  collimation,  which  is  exactly 
measured  by  the  reading  of  the  index  at  P  on  the  tube.  This 
determines  the  inclination  of  the  plane  of  collimation  to  a 
vertical  plane  through  the  object,  that  is,  the  angle  8'. 

The  construction  for  measuring  the  apparent  zenith  distance 
ZS'  consists  of  a  small  graduated  quadrant,  represented  by 
Fig.  47  (3),  which  is  fixed  by  the  mechanist  with  its  plane  per- 
pendicular to  the  circular  plate  and  intersecting  it  in  a  line 
parallel,  as  near  as  may  be,  to  the  fixed  line  ZSz,  so  that  when 
the  bubble  of  ee  is  in  mid-position  the  quadrant  is  in  a  vertical 
plane.  Attached  to  the  quadrant  is  a  small  spirit-level  Hh, 
movable  about  a  pivot  at  H,  and  having  an  index  at  h  for 
reading  off.  When  the  Telescope  is  pointed  in  the  meridian 
horizontally  southward,  and  the  bubble  of  ee  is  in  mid-position, 
the  index  at  h  should  be  adjusted  to  90°.  Then  for  any  other 
pointing,  when  the  bubble  is  in  mid-position,  the  reading  of  the 
index  gives  the  zenith  distance  ZS'. 

291.  The  reductions  of  equatorial  observations  of  the  RA. 
and   P.D.  of  Limbs   to  observations  of  Centres,  by  applying 
corrections  for  apparent  semi-diameters,  do  not  require  explana- 
tions different  from  those  given  in  treating  of  meridian  observa- 
tions.    (See  Arts.  113  and  209—213.) 

292.  Lastly,  we  have  to  obtain  formulae  for  calculating  the 
corrections  of  equatorial  observations  of  the  RA.  and  P.D.  of 
bodies  of  the  solar  system  for  Parallax.     In  Figure  48,  E  is 
the  centre  of  the  Earth,  A  the  place  of  observation,  and  cr  the 
position  in  space  of  the  observed  body.     The  angular  points  of 
the  spherical  triangle  PZ'S  are  situated  on  AP  the  direction 
of  the  Pole  of  the  heavens,  AZi   the  prolongation  of  EA,  and 
AS'  the  direction  in  which  the  body  at  cr  is  seen  from  A.    Draw 
AS  parallel  to  Ecr.     Then  the   angle   SAS'   is   equal  to   the 
parallactic  angle  at  <7,  and  AS  is  in  the  plane  Z'Eo;  which  is 
the  same  as  the  plane  Z'AS'.     Hence  AS  cuts  the  arc  Z' S', 
and  the  parallax  is  measured  by  SS.     Now  let  ZQ'  and  Sn  be 
drawn  at  right  angles  to  PS'.    Then  taking  EQ,  the  radius  of 
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the  Earth's  Equator,  to  be  unity,  let  EA  =  p,  L  Z'Az  the 
angle  of  the  vertex  =  e,  L  PAz  the  co-latitude  =  I,  the  arc 
PZ  =  I  +  e  =  I',  and  PS'  the  apparent  P.D.  of  the  object  =  B'. 

Fig.  48. 


Also   if  P   be   the   equatorial    horizontal   parallax,    we    have 

WO 
sin  P  =  -gj-z ;    and   if  P'   be  the   horizontal   parallax    at  At 


sinPr 


EA     EA  EQ 


*.     Putting  p  for  the  angle  at  a-, 

AE 
we  have,  by  the  rectilinear  triangle  AEcr,  sin^)=  ^—  sin.Z'  A<r 

=  p  sin  P  sin  -£'$'.  Then,  the  parallactic  angle  at  <r  being 
supposed  small,  the  angle  SPS',  which  is  the  Parallax  in  RA., 
is  very  nearly  =  Sn  cosec  S  =  SS'  sin  S  cosec  &'  —  p  sin  P  sin  Z'S' 
x  sin  $'  cosec  &'  =  p  sin  P  sin  Z  Q'  cosec  S' ;  and  the  Parallax  in 
P.D.  =  Sn  =  p  sin  P  sin  ^'/8T  cos  £'  =  p  sin  P  sin  Z'Q'  cot  /S'  (v  sintf' 
x  sin  Z'S'  =  sin  ^Q')  =  /o  sin  P  cos  ^Q'  sin  Q'S'  (v  sin  Q'^ST  =  cot  £' 
x  tan  Z'Q')=p  sin  P  cos  ^'Q'sin  (8'  -  PQ').  The  calculations  might 
be  shortened  by  tabulating  values  of  sin  Z'Q',  cos  Z'Q',  and  P  §r, 
the  argument  being  the  hour-angle.  (For  the  Cambridge  values 
of  p  and  e,  see  p.  227.) 

293.  The  foregoing  formulae  apply  with  sufficient  accuracy 
to  all  the  moving  bodies  except  the  Moon,  the  large  parallax 
of  which  requires  the  investigation  of  more  exact  formulae. 
Although  it  is  not  likely  that  an  astronomer  will  have  occasion 
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to  employ  an  Equatorial  for  independent  determinations  of  the 
Moon's  place,  I  propose  to  obtain  formulae  for  the  parallax- 
corrections  in  such  observations,  because  the  account  of  the 
determination  of  the  places  of  all  celestial  bodies  by  an  Equa- 
torial is  otherwise  incomplete,  and  also  because  the  same 
formulae  are  available  in  calculations  relating  to  occultations 
of  bodies  by  the  Moon,  as  will  be  subsequently  shewn.  In  order 
to  investigate  the  formulae  required  for  the  present  purpose,  in 
addition  to  the  designations  by  letters  in  the  preceding  Article 
of  parts  of  Figure  48  it  will  be  supposed  that  Z'S  =  z,  Z'S'  =  z, 
SS  =  Z'-Z=p,  L  Z'PS  =  0,  L  Z'PS'  =  0',  PS  =  8,  and  PS'  (as 
before)  =  8'.  Also,  as  in  Art.  292,  sin  p  =  p  sin  P  sin  z'.  Now 
by  the  spherical  triangles  PSS'  and  PZ'S, 

sin  (ff  -  0}  =  sin  PSS'  =  sin  0  sin  lr 
sm  p  sin  8'         sin  8'  sin  z' 

sin  z  sin  T  sin  6 


Hence  sin  (ff  —  6)  =  p  sin  P . 


sin  z  sin  8 


-D   .     .  .    -nrra     sin  0  sin  8     sm  6  sm  8      .,    .  ,,          ,. 

But   since   sm  PZS  =  —  -  —     —  =  -  -.  —  ?  —  .  it  follows   that 

sm  z  sin  z 

sin  /     sin  6'  sin  8'       ~  ±11,1,  ^  A-       •     ,1 

—  --  =  —  :  —  JT-:  —  sr  .     Consequently,  by  substitution  in  the  ex- 

sin  z       sin  6  sin  8 

pression  for  sin  (ff  —  ff), 

sin  (6f  —  0)  =  /o  sin  P  sin  T  cosec  8  sin  &  .........  (1). 

r>  v  cr   COS  S  -  COS  Z  COS  I'   COS  8'  —  COS  Z  COS  I 

Again,    cos  PZS=  --  :  --  =  —  «  -  =  -  —  -  —  7—  —  T,  —  -  ; 
sm  z  sin  I  sm  z  sin  I 

sin  6  sin  8 


«,     cos  8'  sin  z     cos  I'  sin  (z'  —  z) 
.*.  cos  8  =  -  :  —  ;  —  +  -         .    \  -  *- 
sin  z  sm  z 


sin  6       _  \         sin  P  cos  I' 


Hence  cot  8  -  cot  8'  =  cot  8'  (^^  -l}+p 

\srn6         J 


sin  B 


But  cot8-cot8^sinf.-f? 

sm  o  sin  o 
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.    Q  sm  (6  —  6 )  cos  — £— 

,  sm  6      .,  2 

and  -; — ^  —  1  = *• 


sm     cos  — - — 
2 

f\     .      fV 

sin  8  sin  8'  sin  (0  —  0')  cos  — ~ — 
.'.  sin  (ft  —  8)  = 2 — /F h  p  sin  P  cos  Z'sin  8'. 

sin  &  cos  - 

X 

Consequently,  after  substituting  the  value  of  sin  {&  —  0}  from 
(1),  it  will  be  found  that 

/v  ,    s\  ry f\ 

sin  (8'—  8)  =  p  sin  P(—  cot  8'  sin  Z'  cos  — ^—  sec  — ^ H  cos  T)  sin  8'. 

Hence,  <f>  being  a  subsidiary  angle  calculated  from  the 
equation 

/y    i    a  /v f\ 

tan  cj>  =  —  cot  8'  cos  — ^ —  sec  — ^ — (2), 

'2i  2t 

we  shall  have 

sm(S/-S)=/osmPsec</>cos(Z'  +  ^)sinS'.... (3). 

The  equations  (1),  (2),  (3)  serve  for  calculating  exactly  &  —  0, 
the  parallax  in  R.A.,  and  S7  —  8  the  parallax  in  P.D.  The 
results  may  be  obtained  conveniently  by  successive  approxi- 
mations, the  known  quantities  &  and  8'  being  put  for  9  and  8 
on  the  right-hand  sides  of  the  equations  for  a  first  approxi- 
mation, and  then  with  the  consequent  values  of  6  and  8  pro- 
ceeding to  a  second  approximation ;  and  so  on1.  It  is  evident 
that  if  the  geocentric  values  0  and  8  were  given,  the  local  values 
6'  and  8'  might  be  calculated  by  an  analogous  use  of  the  same 
formulae. 

294.     If  $=the  Moon's  geocentric  semi-diameter,  and  S'  = 
the  apparent  or  measured  semi-diameter,  we  have 
S  _  Aa-  _  sin  z  _  sin  0  sin  8 
~S'      tier      sin;?'      sin  &  sin  8" 

1  The  investigation  here  gone  through  shews  that  the  formulae  in  p.  xxxiii.  of 
Vol.  xin.  of  the  Cambridge  Observations,  which  are  the  same  under  another 
form  as  those  in  p.  23  of  the  Syllabus  of  my  Astronomical  Lectures,  are  not 
sufficiently  accurate.  The  formulae  I  have  given  (p.  298)  in  the  Article  which 
constitutes  the  Appendix  to  the  Nautical  Almanac  for  1854  are  correct. 


288  PRACTICAL  ASTRONOMY. 

After  the  foregoing  calculation  of  6  and  8,  the  value  of  8 
may  be  calculated  from  this  formula  when  /S",  Or,  and  8'  are 
given.  Means  of  obtaining  S'  by  equatorial  observations  have 
been  indicated  in  Arts.  110  and  125.  Accordingly,  an  Equa- 
torial may  be  used  for  obtaining  by  means  of  observations  of 
the  Moon,  when  known  to  be  full,  values  of  her  geocentric 
semi-diameter.  The  same  formula  will  give  S'  when  S,  0,  and 
8  are  known  from  Tables,  and  the  local  values  of  &  and  8'  have 
been  calculated  as  above  stated.  [The  local  values  #',  #,  and  S' 
are  required  in  the  Calculation  of  Occupations.] 


I  have  now  gone  through  all  that  relates  to  the  determina- 
tion of  celestial  positions  by  an  Equatorial.  There  are  various 
other  purposes  for  which  this  instrument  may  be  employed,  the 
consideration  of  which  will  be  most  conveniently  entered  upon 
after  giving  descriptions  of  it  under  other  forms  of  construction 
and  modes  of  mounting. 


THE   NORTHUMBERLAND   EQUATORIAL  OF  THE   CAMBRIDGE 
OBSERVATORY. 

295.  This  powerful  instrument,  which  at  the  time  it  was 
constructed  was  one  of  the  largest  of  its  kind,  was  presented  to 
the  Cambridge  Observatory  by  the  Duke  of  Northumberland, 
High  Steward  of  the  University  1834 — 1840.  The  erection,  as 
regards  both  the  Mounting  and  the  Dome,  was  begun  by 
Mr  Airy  in  1835,  and  completed  under  his  superintendence 
after  his  appointment  at  the  close  of  that  year  to  the  Green- 
wich Observatory.  In  1844  he  produced,  as  a  separate  publica- 
tion, an  account,  illustrated  by  engravings,  of  the  parts  and 
appendages  of  the  Instrument  and  Dome,  which  also  forms  an 
Appendix  to  Vol.  xv.  of  the  Cambridge  Observations  (1843). 
Any  one  desirous  of  acquiring  full  information  respecting  the 
details  of  this  undertaking,  which  was,  I  believe,  the  first 
instance  of  the  successful  mounting  of  so  large  an  Equatorial, 
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must  have  recourse  to  that  "Account."     For  the  purpose  of  the 
present  work  it  will  suffice  to  state  the  following  particulars. 

296.  The  object-glass  is  one  of  Cauchoix's :  its  effective 
aperture  is  11 J  inches.  All  the  brass- work,  the  graduations, 
and  the  eye-pieces,  were  executed  by  Simms.  The  focal  length 
of  the  Telescope  is  19f  feet.  The  mounting  is  similar  to  that 
of  the  Five-feet  Equatorial.  The  Polar  Axis  consists  of  six 
stout  deal  poles,  the  ends  of  which  are  fastened  to  two  six-sided 
cast-iron  frames,  at  the  centers  of  which  are  the  upper  and 
lower  pivots.  The  poles  are  braced  across  their  middle  by 
transverse  iron  bands,  counter  to  which  there  are  24  deal  spars, 
crossing  each  other  two  and  two,  and  abutting  near  the  middle 
of  the  poles  so  as  to  thrust  them  obliquely  outwards,  being 
made  to  act  thus  by  means  of  screws  which  turn  in  shoulders 
fixed  to  their  opposite  ends  and  press  against  the  iron  frames. 
This  apparatus  answers  the  double  purpose  of  giving  stiffness 
to  the  Polar  Axis,  and  adjusting  the  iron  frames  so  as  to  be 
perpendicular  to  the  axis  of  revolution  of  the  instrument.  The 
support  of  the  upper  pivot  consists  of  two  strong  wooden  beams 
connected  by  two  cross  iron  bars,  and  surmounted  by  a  tri- 
angular iron  frame,  at  the  apex  of  which  is  the  Y  for  the 
pivot  to  rest  in.  The  beams  are  inclined  towards  each  other 
in  a  plane  perpendicular  to  that  of  the  meridian  and  deviating 
a  little  from  the  vertical  towards  the  south :  their  lower 
extremities,  which  are  armed  with  iron  off-sets,  are  firmly 
embedded  in  massive  brick-work,  and  their  narrow  faces  are 
turned  towards  the  middle  point  of  the  axis  of  revolution.  By 
this  construction  the  view  of  no  part  of  the  heavens  is  materially 
obstructed  ;  Polaris  and  its  companion  can  be  well  seen  through 
the  upper  iron  frame.  The  support  of  the  lower  pivot  is  a 
large  stone  slab  resting  on  a  deep  mass  of  brick-work  rising 
to  a  small  elevation  above  the  floor  of  the  Dome.  The  pivot 
turns  in  a  socket  carried  by  a  square  mass  of  iron  which  is 
movable  by  adjusting  screws  to  allow  of  bringing  in  the  usual 
way  (Art.  275  (2)  and  (3))  the  axis  of  the  instrument  into 
coincidence  with  the  axis  of  revolution  of  the  heavens.  This 
mounting  is  found  to  be  remarkably  steady. 

c.  19 
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297.  The  tube  of  the  Telescope  is  made  of  well-seasoned 
deal.  The  pivots  of  the  declination-axis,  which  turn  in  two 
hollow  cylinders  each  formed  of  two  brass  pieces  screwed 
together,  are  supported  by  two  opposite  poles  of  the  Polar 
Frame  in  such  manner  that  one  of  the  pivots  admits  of  being 
adjusted  by  screws  so  as  to  place  the  declination-axis  perpen- 
dicular to  the  polar  axis.  (See  Arts.  275  (5)  and  276  (1)).  The 
Telescope-tube  just  passes  between  the  other  four  poles. 
Attached  to  one  side  of  this  tube  is  a  flat  brass  bar  nearly 
6  feet  in  length,  carrying  at  one  end  a  small  graduated  arc 
perpendicular  to  its  length,  and  turning  at  the  other  about  a 
pin  fixed  to  the  Telescope-tube  at  the  distance  of  2J  feet  from 
the  declination-axis.  This  is  called  the  Declination-Sector. 
The  graduation  of  the  Sector  is  read  off  by  a  micrometer- 
microscope  fixed  to  the  Telescope-tube.  For  directing  the 
Telescope  to  any  required  P.D.,  graduated  brass  rods  of  dif- 
ferent lengths  are  provided,  the  graduation  of  which  was 
effected  by  the  intervention  of  an  adjusted  setting-circle 
attached  to  the  tube,  the  Telescope  being  moved  in  the  plane 
of  the  meridian,  and  marks  being  engraved  on  the  rods 
(clamped  as  below  stated)  corresponding  to  different  selected 
readings  of  the  setting-circle.  When  each  mark  was  drawn, 
the  microscope  pointed  to  a  fixed  reading  about  the  middle 
of  the  sector-graduation.  The  marks  were  drawn  at  the  edge 
of  a  cylindrical  sliding-piece,  capable  of  being  clamped  to  the 
rod,  which  edge,  consequently,  afterwards  served  as  index  for 
setting  according  to  this  graduation.  The  rod  proper  to  be 
used  for  a  given  P.D.  was  attached  at  its  extremity,  by  means 
of  a  clamp,  to  a  pin  fixed  in  one  of  the  poles  of  the  Polar  Axis, 
and  by  the  above  mentioned  sliding-piece,  previously  clamped 
to  the  rod  with  its  edge  at  the  given  P.D.,  it  was  similarly 
attached  by  a  pin  to  the  declination- sector.  Near  this  pin,  and 
carried  by  the  sector,  is  a  combination  of  one  toothed  wheel 
and  two  pinions  turned  by  a  milled  head  and  acting  on  rack- 
work  fastened  to  the  Telescope-tube.  As  the  sector  is 
made  stationary  by  the  rod,  the  effect  of  turning  the  milled 
head  is  to  cause  the  Telescope  to  move  in  declination.  In 
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setting  for  an  object  the  sector-reading  has  always  to  be 
brought  by  this  movement  to  the  above  mentioned  fixed 
reading;  which  is  readily  done,  and  with  sufficient  accuracy, 
by  bringing  a  pointer  fixed  to  the  sector  to  the  adjusted  position 
of  a  zero  attached  to  the  tube.  The  rods  also  answer  the 
additional  purpose  of  steadying  the  Telescope  when  used  for 
observing. 

298.  The  construction  above  described  is  evidently  adapted 
for  measuring  differences  of  P.  D.  which,  although  small  (not 
exceeding    for    instance   1^°),   are   too   large  for   micrometer- 
measures.     For  this  purpose  I  frequently  employed  it.     The 
value  in  arc  of  the  interval  between  the  sector-divisions  was 
obtained  by  measuring  with  the  sector  the  difference  of  P.  D.  of 
two  stars,  and  comparing   the   result   with  the   difference   as 
determined   by    reduced    meridian    observations,    stars    being 
selected  whose  difference  of  P.  D.  was  not  far  short  of  the  whole 
range  of  the  sector.     (See  infra  Art.  303.) 

299.  The  Hour  Circle  is  5J  feet  in   diameter.     It  is  not 
permanently  attached  to  the  Polar  Axis,  but  can  be  clamped  to 
the  lower  iron  frame  at  pleasure.     There  are  two  adjustible 
indices  with  verniers,  pointing  to  the  graduation  of  the  hour- 
circle,  one  supported  by  the  pier  in  or  near  the  meridian  on  the 
south  side  of  the  polar  axis,  and  the  other  fixed  to  the  iron 
frame.     The   position  of  the  latter  may  be  adjusted   by  first 
setting  the  former  to  true  sidereal  time  while  a  regulated  clock 
is   turning   the   detached   hour-circle,  and   after  pointing  the 
Telescope  to  a  known  bright  star  so  that  the  star  is  seen  in  the 
middle  of  the  field,  clamping  the  hour-circle  to  the  instrument, 
after  which   process   the   hour-circle   and   Telescope   are  both 
carried  by  the  clock  (as  explained  below)  according  to  the  rate 
of  sidereal  time.     The  movable  index  should  then  point  to  the 
right  ascension  of  the  star.    Accordingly,  it  has  to  be  placed  and 
adjusted  so  as  to  point  exactly  to  that   RA.     Or,  supposing 
the  movable  index  to  be  fixed  approximately  in  position,  the 
instrument  detached  from  the  hour-circle  might  be  moved  so 
that  this  index  points  to  the  R.  A.  of  a  known  star,  and  then 
after  clamping  the  hour-circle  to  the  frame,  pointing  to  the  star, 

19—2 
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and  setting  the  clock  going,  the  fixed  index  might  be  adjusted 
to  true  sidereal  time.  After  adjusting  the  indices,  the  pointing 
of  the  Telescope  in  R  A.  for  any  star  is  conveniently  effected 
by  first  setting  the  fixed  index  to  sidereal  time,  and  then  set- 
ting the  movable  index  to  the  R  A.  of  the  star. 

300.  The  graduation  of  the  Circle  has  been  performed  with 
great  care,  and  by  the  aid  of  the  verniers  can  be  read  off  with  the 
naked  eye  to  1s  of  time1.  The  outer  rim  of  the  Circle  is  cut 
with  teeth  to  which  an  endless  screw,  connected  by  a  brass  rod 
with  the  clock,  can  be  applied  at  pleasure,  for  the  purpose  of 
giving  movement  to  the  instrument  about  the  polar  axis.  The 
clock  is  kept  in  motion  by  a  heavy  weight,  the  force  of  which  is 
made  to  maintain  the  motion  during  the  act  of  winding  up.  The 
clock's  rate  is  under  command,  and  can  be  regulated  to  sidereal 
time  nearly.  The  clamping  of  the  Hour-Circle  to  the  iron  frame 
is  effected  by  a  tangent-screw  clamp  fixed  to  the  frame,  by 
means  of  which,  with  the  aid  of  a  handle  extending  to  the  place 
of  the  observer,  he  can,  when  the  endless  screw  is  applied,  give 
motion  to  the  instrument,  through  a  limited  space,  upon  the 
hour-circle.  The  rate  of  motion  given  to  the  Circle  by  the 
clock  is  not  affected  by  this  movement.  Hence  supposing  the 
Circle  to  be  moved  exactly  according  to  sidereal  time,  small 
differences  of  R  A.  can  by  this  contrivance  be  measured  by 
reading  off  the  pointings  of  the  movable  index  before  and  after 
the  change  of  position.  In  any  case  correct  measures  may  be 
obtained  by  allowing  for  the  rate  of  motion  of  the  Hour-Circle 
as  inferred  from  the  difference  of  hour-circle  readings  for  two 
bisections  of  a  star  and  the  sidereal  interval  between.  It  will 
thus  be  seen  that  this  Equatorial  is  adapted  for  measuring  small 
differences  both  of  R  A.  and  P.  D.  in  differential  observations.  It 
is  advisable,  in  every  instance  in  which  it  can  be  done,  to  begin 
and  end  the  series  of  measures  with  a  bisection  of  the  compa- 
rison star. 

301.     The  foregoing  descriptions  will  be  made  clearer  by 

1  For  greater  precision  in  measuring  differences  of  R.A.,  I  added  a  graduated 
sector,  analogous  to  the  declination-sector,  and  arranged  so  that  it  could  be 
clamped  fit  pleasure  to  the  hour-circle  and  be  read  off  by  a  microscope. 
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referring  to  the  annexed  Plates  TV.  and  V.  (which  are  the  same 
as  XVI  and  XIX.  in  the  "Account,  &c."),  and  to  the  following 
explanations  of  the  instrumental  arrangements. 

Plate  IV.,  Figure  1,  represents  the  eye-end  of  the  Telescope 
with  its  double-wire  micrometer  mounted,  as  viewed  from  the 
side  opposite  to  that  to  which  the  brass  bar  is  attached.  A  is 
the  wooden  tube,  and  B  a  brass  breech-piece.  C  is  a  position- 
circle,  D  its  slow-motion-screw  and  clamp,  and  EE  are  micro- 
scopes for  reading  its  divisions.  F  is  the  head  of  a  pinion  for 
adjustment  to  focal  length,  and  G  is  the  tube  which  is  slid 
inwards  and  outwards  by  the  action  of  F.  H  is  an  eye-piece 
inserted  in  G,  carrying  the  double-wire  micrometer  $,  and 
held  by  friction  only.  All  the  different  eye-pieces  are  thus 
inserted  in  G.  7  is  a  declination-rod.  K  is  the  graduated  arc 
of  the  brass  bar,  and  L  the  micrometer-microscope  for  reading 
it.  (See  Art.  297.)  M  is  the  lamp  for  illuminating  the  field  of 
view.  -N  is  a  circular  plate,  turning  on  a  screw  at  its  center, 
and  having  a  snail-shaped  hole  for  limiting  the  aperture  through 
which  the  light  of  M  enters  the  side  of  the  Telescope.  The 
light  is  incident  at  an  angle  of  45°  on  a  gilded  face  of  an 
elliptical  ring,  through  which  the  beam  of  light  from  the 
object-glass  passes  without  interference.  0  is  a  milled  head 
for  turning  a  pinion  whose  teeth  work  in  the  teeth  of  the 
wheel  N.  PPPP  are  the  square  ends  of  the  rods  by  which 
the  screws  effecting  the  adjustments  of  the  object-glass  are 
turned.  (See  Arts.  17 — 19.)  Small  keys  are  provided  which 
fit  on  these  square  ends ;  but  as  they  are  seldom  .required,  they 
are  not  usually  mounted.  Q  is  a  half-seconds  chronometer 
fixed  by  screws  in  a  cell ;  its  winding-up-key  may  be  seen 
projecting  from  one  side.  By  the  use  of  this  chronometer  there 
is  no  necessity  for  reference  to  a  clock,  which,  with  a  Telescope 
of  such  a  length,  would  be  inconvenient ;  and  consequently  no 
clock  is  provided  in  the  room1.  R  is  the  finder ;  its  focal  length 
is  28  J  inches,  and  aperture  2f  inches. 

1  In  order  to  avoid  exposing  the  eye  to  variations  of  light  in  observing  very 
faint  objects,  I  adopted  the  plan  of  having  the  seconds  counted  audibly  from  a 
chronometer  by  an  assistant  shut  up  in  an  adjoining  closet. 
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302.  Plate  V.  is  a  north-and-south  section  of  the  building 
and  instrument,  intended  to  give  a  general  view  of  the  principal 
parts  of  every  kind  in  combination,  excepting  the  machinery  of 
the  shutters~(for  explanation  of  which  see  the  Plate  VII.,  and  the 
descriptions  in  pp.  15 — 18,  contained  in  the  before  mentioned 
"Account  of  the  Equatorial  and  Dome").  It  exhibits  the 
interior  appearance  of  the  enclosing  octagonal  wall,  of  which 
W W  and  TFare  north  and  south  vertical  sections;  the  interior 
appearance  of  the  Dome  (1/iV) ;  the  fixed  south  steps  ( U) ,  for 
observations  of  objects  near  the  Pole  northward ;  the  clock- 
work box  (ra,  m)  to  the  east  of  the  steps ;  the  support  of  the 
upper  pivot,  consisting  of  two  wooden  beams,  surmounted  by 
an  iron  triangle  (see  Art.  296),  one  beam  being  represented 
by  Tt  and  one  side  of  the  triangle  by  S;  the  adjustible  support 
(p)  of  the  lower  pivot,  with  a  friction-wheel  acting  by  a  strong 
spring  to  diminish  the  wear  of  the  pivot ;  the  graduated  hour- 
circle  hh  (traced  by  dotted  lines) ;  the  general  structure  of  the 
Polar  Frame  (see  Art.  296) ;  the  bearing-piece  for  fixing  the 
position  of  the  declination-axis  (Art.  297) ;  the  Telescope  as 
mounted  with  its  Finder  ;  a  declination-rod  (a)  in  position,  with 
its  movable  clamp  attached  (Art.  297);  the  brass  bar  with 
sector  fixed  at  its  end,  together  with  the  microscope  for  reading 
the  sector's  graduation,  and  the  rack-work  fastened  to  the  tube, 
by  means  of  which  motion  is  given  to  the  Telescope  in  decli- 
nation by  turning  a  milled-head  (see  Art.  297)  ;  the  chair- 
frame  and  chair,  movable  in  circular  grooves  by  a  windlass  at 
the  back  of  the  frame,  n,  n  being  additional  supports  of  the 
observer's  head  when  the  object  is  near  the  zenith  and  the 
chair  cannot  be  used,  and  a  separate  seat  being  provided 
suitable  for  supporting  the  observer  when  he  has  to  take  a 
position  between  the  poles  of  the  polar  frame.  The  Plate  also 
exhibits  the  observer  in  the  upper  chair  holding  in  his  hand 
the  long  handle  (b)  by  which  slow  motion  in  hour-angle  is 
given  to  the  polar  frame  relatively  to  the  hour-circle  (Art.  300), 
and  having  at  his  command  the  handle  (e),  by  which  motion  is 
communicated  to  a  wheel  (f)  whereby  rotation  is  given  to  the 
chair-frame  about  a  central  pivot  (o),  as  well  as  the  handle  (d), 


North    and  South  sectum 


•itoreal    and    Dome/. 


THE   EQUATORIAL.  295 

which  by  means  of  the  apparatus  at  g  gives  motion  to  the 
Dome.  (7,  G  are  two  of  six  holdfasts  by  which  the  Dome  is 
retained  in  any  required  position ;  at  r  are  pulley-lines  sus- 
taining the  weight,  which  is  the  moving  power  (Art.  300), 
hanging  in  a  well  below  Q ;  y  is  a  spring  which  being  pressed 
by  the  key  in  winding  up,  moves  a  click  whereby  the  action  of 
the  weight  is  continued  during  the  process  (Art.  300) ;  w  is  a 
small  weight,  which  by  machinery  connecting  it  with  the  end- 
less screw  acting  on  the  hour-circle,  was  occasionally  applied  to 
supplement  the  moving  power  of  the  clock.  The  Dome  rests  on 
six  cannon  balls  in  a  circular  groove.  For  turning  it  through 
large  spaces  a  lever  is  provided  with  fulcrum  fixed  to  the  wall,  the 
upper  part  of  which  is  made  by  force  of  hand  to  act  on  pins  t,  t,  t 
fixed  to  the  curb  of  the  Dome. 

It  will  thus  be  seen  that  all  the  movements  during  the 
continuation  of  a  series  of  observations  are  under  the  control 
of  the  observer,  without  the  necessity  of  his  leaving  his  position 
in  the  observing  chair.  As,  however,  it  is  hardly  possible  for 
the  observer  by  himself  to  perform  with  desirable  ease  and 
rapidity  all  the  operations  required  in  the  manipulation  of 
so  large  an  instrument,  I  found  it  preferable  to  arrange  that 
some  one  should  always  be  present  to  assist  in  turning  the 
Dome  with  the  lever,  rotating  by  hand  the  chair-frame  about  its 
pivot,  shifting  the  observer's  seat  by  the  windlass,  and  recording, 
generally,  the  observations1. 

303.  The  value  in  arc  of  one  revolution  of  the  double- 
wire  micrometer  mentioned  in  Art.  301,  (the  value  being 
assumed  to  be  the  same  for  both  wires),  was  determined  by 
'means  of  transits  of  8  Ursse  Minoris  and  Polaris  in  the  manner 
described  in  Art.  59  relatively  to  the  micrometer  of  the  Transit- 
instrument,  the  transits  being  taken  at  positions  of  each  wire 
separated  by  a  large  number  of  integral  revolutions.  The 
adopted  result  was,  lr=l  6",970.  The  value  in  arc  of  the 

1  The  large  Equatorial  of  the  Greenwich  Observatory,  the  mounting  of 
which  is  of  the  same  kind  as  that  of  the  Northumberland  Equatorial,  is 
described  in  full  detail  in  an  Appendix  to  the  Volume  of  Greenwich  Observations 
for  1868. 
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interval  between  consecutive  divisions  of  the  sector-arc  (ld)  and 
the  value  of  one  revolution  (I**)  of  its  microscope-micrometer  (see 
Arts.  297  and  298)  were  obtained  by  measuring  with  the  sector 
the  difference  of  P.D.  of  two  stars,  X  Pegasi  and  p  Pegasi, 
eliminating  the  effect  of  refraction,  and  comparing  the  result 
with  the  difference  of  P.D.  of  the  stars  accurately  known  by 
meridian  observations.  (The  difference  of  P.D.,  about  62',  is 
considerably  greater  than  any  range  of  the  arc  ever  employed.) 
The  measure  was  obtained  in  integral  division-intervals,  together 
with  integral  micrometer  revolutions  and  decimal  parts  of  a 
revolution,  and  the  value  of  one  division-interval  in  micrometer 
revolutions  was  found  by  taking  the  mean  of  repeated  measures 
of  that  interval  by  the  micrometer.  Thus  the  difference  of  P.D. 
of  the  stars  could  be  expressed  in  integral  division-intervals  and 
a  fraction  of  such  interval,  and  be  compared  with  the  known 
difference  of  P.D.  in  seconds  of  arc.  The  means  of  numerous 
measures  taken  in  this  way  gave  la  =  204",258  and  lr'  =  10",178, 
which  values  are  adopted  in  the  reduction  of  differential  equa- 
torial observations  taken  by  means  of  the  sector.  (The  details 
of  the  measures  for  determining  the  values  of  F,  1*,  and  lr',  are 
contained  in  pp.  xxxi — xxxv  of  the  Introduction  to  Vol.  XII. 
(1839)  of  the  Cambridge  Observations.) 

The  Counterpoise  Mounting  of  an  Equatorial. 

304.  Figure  49  represents  a  wooden  model,  used  in  my 
Astronomical  Lectures,  which,  although  somewhat  rude,  may 
serve  for  describing  the  counterpoise  mode  of  mounting  an 
Equatorial.  The  main  principle  of  this  mounting  consists 
in  placing  the  Telescope  on  one  side  of  the  polar  axis  and 
counterbalancing  it  by  a  weight  on  the  other  side.  The  frame/ 
represents  the  pier,  or  other  kind  of  construction,  on  which  the 
instrument  rests.  The  position  of  the  polar  axis  is  indicated  by 
the  cylinder  a,  having  an  upper  and  a  lower  support,  and 
capable  of  being  turned  about  its  axis  of  figure,  whereby 
rotation  is  given  to  the  Telescope  and  the  Declination-axis. 
Near  the  lower  end  of  the  polar  axis  is  the  hour-circle  h,  which 
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is  read  by  two  opposite  microscopes  nn.  The  Declination-axis, 
the  direction  of  which  is  indicated  by  bb,  is  fixed  transversely 
to  the  polar  axis,  and  carries  at  one  end  the  Telescope  AE,  and 
towards  the  other  the  counterpoise  G.  The  decimation- circle 

Fig.  49. 


d  is  read  off  by  the  two  opposite  microscopes  mm.  The  attach- 
ment of  the  Telescope  to  the  declination-axis  is  nearer  to  E,  the 
eye-end,  than  to  A,  the  object- end,  on  which  account  two 
counterpoises  cc,  fixed  to  the  ends  of  rods,  are  made  to  counter- 
poise the  superior  weight  of  the  object-end. 

305.  This  form  of  mounting  has  the  advantage  of  giving 
to  the  eye-end  of  the  Telescope  a  range  of  motion  of  less  radius 
than  that  in  the  case  of  the  Telescope  being  supported  at  its 
middle  point,  and  on  this  account,  as  well  as  because  it  does  not 
require  the  movement  of  a  large  polar  frame  for  setting  the 
Telescope,  it  is  less  laborious  to  the  observer  than  the  other 
mounting.  At  the  same  time  it  demands-  a  Dome  of  larger 
capacity  to  secure  that  the  object-glass  shall  be  under  cover  in 
all  positions  of  the  Telescope,  and,  probably,  a  large  telescope 
thus  mounted  is  more  liable  to  tremors  than  is  the  case  with 
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the  mounting  of  the  large  Equatorials  of  the  Greenwich  and 
Cambridge  Observatories.  Also  with  the  counterpoise  mounting 
it  is  not  possible  to  have  a  large  hour-circle  without  unduly 
weakening  the  support  of  the  polar  axis;  and  there  is,  besides,  the 
disadvantage  that  for  some  movements  of  the  Telescope  across 
the  meridian,  especially  when  the  pointing  is  between  the  Pole 
and  the  Zenith,  the  ej^e-end  of  the  Telescope  comes  into  contact 
with  the  support  of  the  instrument.  In  that  case,  in  order 
to  point  the  Telescope  continuously,  it  is  necessary  to  reverse 
it  so  as  to  bring  it  to  the  opposite  side  of  the  polar  axis.  Means 
of  adjusting  by  screws  the  positions  of  the  axes  of  motion  and 
the  microscope  readings  are,  of  course,  provided  in  this  as  in 
the  other  kind  of  mounting1. 

306.  Figure  50  represents  another  mode  of  counterpoise 
mounting,  the  peculiarity  of  which  is,  that  a  cylindrical  sup- 
port PP,  the  axis  of  figure  of  which  is  directed  to  the  pole 
of  the  heavens,  is  firmly  attached  to  a  vertical  wooden  support 
in  such  manner  that  the  Telescope  AE  and  its  connected 
apparatus,  together  with  the  counterpoise  (7,  may  be  made  to 
revolve  about  the  polar  axis,  as  well  as  about  the  declination- 
axis,  which  is  the  axis  of  figure  of  the  cylinder  DD,  without  the 
possibility  of  encountering  any  obstacle,  to  whatever  part  of  the 
heavens  the  Telescope  be  pointed.  This  construction  is,  there- 
fore, especially  adapted  to  sweeping  for  objects  whose  R.A.  and 
P.D.  are  only  very  roughly  known  (these  circumstances  are 
alluded  to  by  a  remark  in  Art.  280,  p.  276).  A  is  the  object-end, 
E  the  eye-end,  and  F  the  finder,  of  the  Telescope ;  dd  is  the 
declination-circle,  which,  by  means  of  a  hook's  joint  and  handle, 
may  be  fixed  by  the  clamping-piece  at  I ;  hh  is  the  hour-circle, 
which  in  like  manner  may  be  fixed  by  the  clamping-piece  at  k ; 
c  is  a  leaden  weight  which,  by  means  of  the  slit  and  screw  at  sc, 

1  The  counterpoise  mounting  of  Fraunhofer's  14-feet  refractor  at  Dorpat  is 
represented  in  Plate  VII.  of  Pearson's  "Practical  Astronomy,"  and  the  same 
plate  is  given  in  Coddington's  Optics,  Part  II.  The  mounting  of  the  Sheep- 
shanks Equatorial  of  the  Greenwich  Observatory,  which  for  the  most  part  is  the 
same  as  the  counterpoise  mounting,  is  described  in  the  Introductions  of  the 
Greenwich  Volumes  of  Observations,  as,  for  instance,  in  pages  xviii  and  xix  of 
the  volume  for  1875. 
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may  be  shifted  and  clamped  so  as  to  counterpoise  the  Telescope- 
tube.  The  upright  portion  of  the  support  is  attached  at  its 
base  to  a  triangular  frame,  which  is  adjustible  by  vertical 
screws  at  p,  p,  r,  and  by  horizontal  screws  at  q,  q.  The  vertical 
screws  are  turned  by  spikes  inserted  at  m  and  a  corresponding 
position  (not  seen  in  the  figure),  and  at  n*  The  screws  q,  q, 
acting  against  the  capstan  heads  p,  p,  turn  the  frame  about  the 
vertical  axis  rn.  After  the  adjustment  of  the  polar  axis  is 
effected,  the  three  capstan  heads  p,p,  r  are  firmly  screwed  down. 
By  having  at  command  the  vertical  movements  at  p,  p,  r  and 
the  horizontal  movements  at  q,  q,  the  polar  axis  may  be 
adjusted  so  as  to  be  in  the  plane  of  the  meridian  and  point  to 
the  Pole.  The  box  B  covers  two  small  adjusted  spirit-levels, 
one  for  levelling  in  the  plane  of  the  meridian,  and  the  other  for 
levelling  in  the  transverse  direction.  The  bubbles,  supposed  to 
be  put  in  mid-positions  after  adjusting  the  polar  axis,  will 
afterwards  indicate  by  change  of  their  positions,  whether  a 
re-adjustment  of  the  polar  axis  be  required1. 

307.  In  making  use  of  an  Equatorial  in  sweeping  for  an 
object  recognisable  by  its  physical  aspect,  such  as  a  comet,  or 
a  nebula,  the  Telescope  should  be  clamped  in  RA.  at  an 
arbitrary  epoch  so  as  to  point  considerably  westward  of  the 
most  probable  hour-angle  at  that  epoch  of  the  object  sought  for, 
and  be  moved  up  and  down  on  each  side  of  the  most  probable 
circle  of  declination,  till  the  object  is  detected  in  the  field 
of  view  by  its  appearance.  If  the  object  be  a  small  planet 
not  distinguishable  in  appearance  from  a  minute  star,  and  a 
probable  place  be  given,  the  sweeping  may  be  effected  by 
noting  down  the  places  of  all  likely  objects  in  contiguous  zones 

1  The  stand  represented  in  Fig.  50  was  placed  on  a  substantial  brick  wall, 
raised  to  a  convenient  height  above  a  flat  area  at  the  top  of  the  south-west 
angle  of  the  Cambridge  Museum  Buildings.  This  wall,  for  the  sake  of  steadi- 
ness, stands  on  a  separate  base,  so  as  to  be  unconnected  with  the  structural 
supports  of  the  building.  The  mounting  is  so  arranged  that  the  Telescope 
(which  is  the  46-inch  Dollond  of  the  Cambridge  Observatory),  can,  with  its 
attachments,  be  readily  dismounted  when  not  required  for  use,  and  be  deposited 
in  an  adjoining  apparatus  room,  or,  if  left  on  its  stand  exposed  to  the  open  air, 
be  protected  by  a  suitable  waterproof  covering. 
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of  declination  of  a  certain  length,  the  central  point  of  the 
aggregate  zone  being  the  given  place,  and  after  a  time 
sweeping  over  the  same  area,  to  see  whether  any  star  in  it 
has  changed  position,  or  any  new  object  has  entered  within  its 
limits.  To  render  this  mode  of  sweeping  sure  and  rapid,  the 
instrument  should  be  carried  by  clock-movement.  On  these 
principles  I  searched  for  the  Planet  Neptune  in  the  year  1843 
with  the  Northumberland  Equatorial.  (See  Appendix  No.  1  to 
Vol.  XV.  of  the  Cambridge  Observations.) 


Other  Observations  made  with  an  Equatorial. 

308.  In  addition  to  the  use  of  an  Equatorial  for  deter- 
mining celestial  positions,  there  are  various  kinds  of  observa- 
tion for  which  this  instrument  is  adapted,  which  we  may  now 
proceed  to  take  into  consideration.  One  kind,  of  special  interest, 
consists  of  observations  of  the  planet  Mars  in  opposition,  made 
for  the  purpose  of  determining  his  parallax,  and  thence  inferring 
the  parallax  of  the  Sun.  The  determination  of  Mars's  parallax 
is  made  by  means  of  measures  of  small  differences  of  declination 
between  the  planet  and  selected  stars,  corresponding  measures 
being  taken  at  places  differing  little  in  longitude,  but  considerably 
in  latitude,  such  as  Greenwich  in  the  northern  hemisphere  and 
the  Cape  of  Good  Hope  in  the  southern  hemisphere.  From  a 
comparison  of  the  differences  of  declinations  for  the  same  stars 
as  observed  at  the  two  places  at  noted  times,  and  reduced  to  the 
same  epochs  by  taking  account  of  the  Earth's  diurnal  motion  and 
the  apparent  motion  of  Mars,  we  may  calculate  the  differences 
in  P.D.  of  simultaneous  directions  of  the  two  lines  joining  the 
North  or  South  Limb  of  the  planet  and  the  places  of  observation, 
and  hence  infer,  with  sufficient  approximation,  the  angle  these 
lines  make  with  each  other  at  a  given  time.  This  angle  is  sub- 
tended by  the  line  joining  the  two  places,  the  length  of  which, 
together  with  its  angles  of  inclination  to  the  above  two  directions, 
may  be  inferred  from  the  known  dimensions  of  the  earth,  the 
known  latitudes  and  longitudes  of  the  places  of  observation,  and 
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from  the  data  furnished  by  the  observations.  The  same  angle 
is  subtended  by  the  perpendicular  from  one  place  of  observation 
on  the  visual  direction  of  the  observed  Limb  from  the  other,  the 
length  of  which  is  readily  inferred  from  the  previous  results. 
Hence  the  angle  subtended  at  Mars  by  the  earth's  equatorial 
radius,  that  is,  his  parallax  at  the  time,  may  be  at  once  calcu- 
lated. It  is  desirable  that  as  often  as  possible  the  differences  of 
declination  should  be  micrometer  measures,  and  that  the  N.  and 
S.  Limbs  of  the  planet  should  be  taken  alternately.  A  list  of 
stars  proper  for  use  in  this  kind  of  observation  is  given  in  suc- 
cessive Nautical  Almanacs.  After  thus  obtaining  Mars's  parallax 
at  a  certain  time,  and  allowing  for  the  effects  of  the  eccentricities 
of  his  and  the  earth's  orbits,  the  Solar  Parallax  may  be  calculated 
from  the  known  relation  between  the  planetary  mean  distances 
and  periods. 

309.  There  is  another  method  of  taking  observations  of 
Mars  in  opposition  for  determining  his  parallax;  namely,  ob- 
serving his  displacement  in  R.  A.  when  he  is  far  east  of  the 
meridian,  and  far  west  of  the  meridian,  as  seen  at  a  single  Ob- 
servatory. Conceive  that  by  the  diurnal  and  orbital  motions  of 
the  earth  an  Observatory  is  carried  from  the  position  A  to  the 
position  A',  in  space,  in  a  certain  time,  and  that  the  E.  or  W. 
Limb  of  the  planet  is  compared  with  a  suitably  situated  star  in 
the  first  position,  and  with  the  same  star  in  the  other  position. 
The  observations  give  the  means  of  determining  the  astro- 
nomical directions  of  the  Limb  from  the  Observatory  in  the  two 
cases.  The  known  effect  of  the  apparent  motion  of  Mars  in 
producing  the  difference  between  these  directions  being  elimi- 
nated, there  remains  the  angle  subtended  by  the  straight  line 
joining  two  positions  the  distance  between  which  is  wholly  due 
to  the  earth's  rotation;  and  since  the  length  and  position  of 
this  line  can  be  calculated,  the  solar  parallax  may  be  inferred 
in  a  manner  analogous  to  that  stated  in  Art.  308  \ 

1  In  an  Article  contained  in  the  Monthly  Notices  of  the  Astronomical 
Society,  Vol.  xvn.  No.  7,  p.  220,  the  Astronomer  Royal  expresses  the  opinion 
that  this  is  the  best  of  all  the  methods  of  determining  the  solar  parallax.  The 
same  Article  contains  a  discussion  of  various  modes  of  calculating  this  funda- 
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310.  By  observations  with  an  Equatorial  of  the  elongations 
of  a  satellite  from  its  primary,  the  mass  of  the  latter  may,  ac- 
cording to  the  principles  of  physical  astronomy,  be  calculated. 
In  this  way,  by  observations  with  the  Cambridge   Five-feet 
Equatorial  of  the  elongations  of  Jupiter's  fourth  Satellite,  Mr 
Airy  obtained  a  correction  of  the  previously  adopted  mass  of 
the  planet.     The  details  of  the  observations  are  given  in  Vols. 
V. — VIII.  of  the  Cambridge  Observations  (for  the  years  1832 — 
1835),  and  the  calculation  of  the  results  in  the  Memoirs  of  the 
Astronomical  Society,  Yols.  VL,  vm.,  IX.,  and  x. 

311.  Measures  of  the  Moon's  Diameter  by  transits  of  the 
First  and  Second  Limbs,  when  the  Moon  is  exactly  or  nearly 
full,  have  already  been  under  consideration  in  Arts.  110  and  125. 
The  use  of  an  Equatorial  for  this  purpose  has  the  advantage, 
generally,  of  giving  the  means  of  taking  a  series  of  such  measures 
while  the  Moon  is  so  nearly  full  that  no  calculations  of  correc- 
tions for  defect  of  illumination  are  required. 

312.  An  Equatorial  is  suitable  for  observing  an  Eclipse  of  a 
star,  or  a  planet,  or  the  Sun,  by  the  Moon,  these  phenomena 
requiring,  with  very  rare  exceptions,  observations  out  of  the 
meridian.     The  observation  of  an  Eclipse  or  Occultation  of  a 
Star  consists  in  simply  recording,  with  as  much  accuracy  as  the 
circumstances  permit,  the  instant,  as  shewn  by  a  time-piece,  of 
the  disappearance,  or  reappearance,  of  the  star  at  the  Moon's 
dark  or  bright  Limb.     The  noted  time  has  to  be  reduced  to  the 
true  sidereal  time  of  the  place  of  observation ;  whence,  on  an 
assumed  value  of  the  Longitude  of  the  place,  the  corresponding 
Greenwich  Mean  Time  is  inferred.     The  calculations  required 
for  obtaining  results  from  observations  of  occultations  of  stars 
may  be  conducted  as  follows. 

313.  From  data  furnished  by  the  Nautical  Almanac,  the 
Moon's  Geocentric   K.A.   and   P.D.,   the   equatorial  horizontal 
parallax,  the  geocentric  semidiameter,  and  the  star's  apparent 
R.A.  and  PJX,  may  be  obtained  for  the  given  Greenwich  Mean 


mental  quantity,  more  especially  that  by -means  of  observations  of  transits  of 
Venus  across  the  sun's  disk. 
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Time.  By  means  of  these  results  the  Moon's  apparent  RA., 
P.D.,  and  semidiameter  have  to  be  obtained  by  allowing  for 
parallax  according  to  rules  which  have  been  already  investi- 
gated (see  Arts.  292 — 294),  and  the  apparent  distance  of  the  star 
from  the  Moon's  centre  has  also  to  be  calculated.  Each  of  the 
quantities  on  which  the  calculations  are  based  is  supposed  to 
require  correction.  Let  the  corrections  of  the  Moon's  tabular 
RA.  and  P.D.  be  respectively  x  and  y,  and  the  Moon's  true 
horizontal  parallax  at  the  place,  and  her  true  geocentric  semi- 
diameter,  be  equal  to  the  calculated  values  multiplied  respectively 
by  1  +  0,001m  and  1  +  0,001%.  Also  let  e  and  /  be  the  correc- 
tions of  the  star's  R.A.  and  P.D.,  t  a  correction  of  the  noted  time 
of  observation,  T  the  correction  of  the  assumed  longitude,  and 
v  a  correction  which  the  assumed  geocentric  colatitude  of 
the  Observatory  may  require.  Then  if  we  call  the  Moon's 
calculated  apparent  RA.,  P.D.,  semidiameter,  and  distance 
of  the  star  from  her  centre  respectively  R,  X,  $,  and  D,  and 
their  true  values  R  +  SB,  X  +  SX,  S+SS,  D  +  SD,  the  values 
of  SR,  SX,  S$,  £D  admit  of  being  expressed  in  linear  functions 
involving  the  unknown  corrections  oc,  y,  e,  f,  m,  n,  t,  r,  and  v. 
A  process  for  obtaining  these  expressions,  and  formulae  for 
calculating  the  numerical  values  of  the  coefficients  of  the  cor- 
rections they  severally  involve,  are  given  in  the  Appendix  to 
the  Nautical  Almanac  for  1854.  By  equating  the  true  appa- 
rent distance  of  the  star  from  the  Moon's  centre  to  the  Moon's 
true  apparent  semidiameter  (Art.  294),  an  equation  of  condition  is 
obtained  containing  all  the  unknown  quantities.  Every  obser- 
vation of  a  disappearance,  or  reappearance,  furnishes  one  such 
equation,  and  from  the  mean  results  of  the  calculation  of  a 
large  number  of  observations,  exact  values  of  the  corrections 
may  be  inferred.  It  may  generally  be  assumed  that  x,  y,  e, 
and  /  are  known  from  meridian  observations.  Supposing  also 
m,  n,  and  v  to  have  been  sufficiently  determined,  and  the 
recorded  time  to  be  so  exact  as  to  allow  of  assuming  the  cor- 
rection t  to  be  zero,  the  final  equation  gives  the  correction  T  of 
the  assumed  longitude  of  the  Observatory. 

314.     In   observations  of  the  eclipse  of  a  Planet  by  the 
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Moon,  four  notes  of  time  may  generally  be  taken,  namely,  the 
times  of  external  and  internal  contacts  of  limbs  at  disappear- 
ance, and  those  of  internal  and  external  contacts  at  reappearance. 
In  observing  the  eclipse  of  either  a  star  or  a  Planet,  the  observer 
should  take  the  precaution  of  putting  an  equatorially  adjusted 
wire  on,  or  very  near,  the  object  before  the  disappearance,  that 
he  may  have  some  guide  as  to  where  to  look  for  it  at  reappear- 
ance, otherwise  the  instant  of  its  first  becoming  visible  might 
be  missed.  The  phenomena  at  the  Moon's  dark  limb  generally 
admit  of  more  accurate  notes  of.  time  than  those  at  the  bright 
limb,  the  brightness  of  the  limb  causing  some  uncertainty.  In 
forming  the  final  equations  derivable  from  the  observations, 
e  and  /  will  represent  the  errors  in  It.  A.  and  P.  D.  of  the 
Planet's  tabular  place,  and  in  addition  to  the  terms  containing 
m  and  n  relating  to  the  Moon,  there  will  be  terms  containing 
m  and  n  for  corrections  of  the  Planet's  assumed  horizontal 
parallax  and  semidiameter. 

315.  The  observations  and  calculations  applicable  to  an 
eclipse  of  the  Sun,  are  analogous  to  those  above  mentioned 
relative  to  a  planet,  as  far  as  regards  the  times  of  external  and 
internal  contacts;  but  the  large  disk  of  the  Sun  generally  allows 
of  taking  in  addition  several  series  of  differential  transits  and 
differential  micrometer-measures.  The  differential  transits  may 
be  taken  between  cusp  and  cusp,  or  between  a  cusp  and  the  first 
or  second  limb  of  Sun  or  Moon,  or  between  a  limb  of  the  Sun 
and  a  limb  of  the  Moon.  The  micrometer-measures  of  differences 
of  P.  D.  may  be  taken  between  cusp  and  cusp,  or  between  a  cusp 
and  the  N.  or  S.  Limb  of  Sun  or  Moon,  or  between  either  the  two 
N.  limbs,  or  the  two  S.  limbs,  each  micrometer-measure  being 
accompanied  by  a  note  of  the  time.  Each  such  differential 
quantity  admits  of  being  calculated  from  data  furnished  by  the 
Nautical  Almanac,  and  supposing  that  these  data  may  all 
require  certain  unknown  corrections,  the  true  differential  quan- 
tity may  be  expressed  in  a  linear  function  involving  these 
corrections,  by  equating  which  function  to  the  observed  measure, 
there  results  an  equation  of  condition  between  the  corrections. 
In  this  manner,  when  numerous  differential  measures  have 
c.  20 
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been  observed,  a  large  number  of  equations  of  condition  may  be 
obtained,  which,  being  treated  by  the  method  of  least  squares, 
may  serve  to  give  accurate  values  of  the  unknown  quantities1. 

316.  Another  class  of  observations,  of  much  interest,  namely, 
determinations  of  the  relative  positions  of  the  components  of 
double,  triple,  and  multiple  stars,  are  greatly  facilitated  by  the 
use  of  an  equatorially  mounted   telescope,  carried   by  clock- 
movement.     (The  arrangements  for  this  purpose  pertaining  to 
the  Northumberland  Equatorial  may  be  gathered  from  Plates 
IV.  and  V.,  and  the  accompanying  descriptions  in  Arts.  301  and 
302.)     These  observations  are  made  by  means  of  a  position- 
circle  ( C  in  Plate  IV.),  which  is  a  small  graduated  circle  fixed 
near  the  eye-end  of  the  telescope,  and  capable  of  being  turned 
by  a  tangent-screw,  or  by  hand,  about  the  telescope-axis.     The 
graduation  proceeds  from  0°  to  360°  and  can  be  read  off  to  the 
accuracy  of  1'  by  a  single  vernier,  or,  if  great  accuracy  be 
desired,  by  two   opposite   verniers.     The    angular   and  linear 
measures   may  be  taken   either  by  means   of  a   double-wire 
micrometer  (Arts.  31  and  32),  or  a  double-image  micrometer 
(to   be  presently  described),  movable  with  the  position-circle. 
The  mode  of  using  the  former  will  be  first  stated. 

317.  In   Figure   51    (1)    and    (2),   AB  and  ab  represent 
positions  of  the  two  parallel  micrometer-wires.     The  line  BbBb 

Fig.  51. 


/         /     (/)     //  (2) 

in  (1),  and  BbbB  in  (2),  indicate  the  equatorial  direction,  which 
is  determined  by  turning  the  position-circle  till  one  of  the 
component  stars,  S  or  cr,  travels,  the  instrument  being  fixed, 
1  The  Appendix  to  the  Naut.  Aim.  for  1854  contains  the  numerical  details  of 
the  calculation  of  an  Occultation  by  the  Moon  in  illustration  of  the  method  I 
have  here  proposed.  For  Bessel's  processes  of  computing  Eclipses  of  the  Sun, 
and  Occultations  of  Stars,  with  examples  numerically  worked  out,  see  Loomis's 
Practical  Astrowmy,  Sections  iv.  and  v.  of  Chapter  XI. 
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along  one  of  the  wires  so  as  to  be  bisected  both  shortly  after 
entering,  and  shortly  before  leaving,  the  Held  of  view,  and  then 
reading  off  the  position-circle.  This  gives  the  reading  for  the 
equatorial  reference-direction  for  the  angular  measures.  The 
angle  of  position  may  be  defined  to  be  the  angle  which  the  line 
drawn  from  the  brighter  to  the  smaller  of  the  two  stars  makes 
with  the  circle  of  declination  passing  through  the  centre  of  the 
field  and  cutting  the  reference-direction  at  right  angles.  The 
telescope  being  supposed  to  invert  images,  and  pro  hdc  vice  to 
be  pointed  southward  on  the  meridian,  the  lowest  point  of  the 
field  is  called  the  north  point  (n),  the  extreme  point  to  the 
right  hand  the  following  point  (f),  that  uppermost  the  south 
point  (s),  and  the  extreme  point  to  the  left  hand  the  preceding 
point  (p).  It  has  been  agreed  by  modern  astronomers  to  reckon 
position  angles  from  0°  at  n,  through  f,  s,  p  in  succession  to  360° 
at  n  again.  The  circle  is  thus  divided  into  four  quadrants 
named  in  order  nf,  sf,  sp}np,  and  the  angles  of  position  in  these 
quadrants  range  respectively  from  0°  to  90°,  from  90°  to  180°, 
from  180°  to  270°,  and  from  270°  to  360°.  In  the  case  of  two 
components  the  angle  of  position  is  measured  by  turning  the 
position-circle  so  as  either  to  bisect  both  stars  with  the  wire 
used  for  recording  the  reference-position,  or  to  place  the  two 
stars,  according  to  the  judgment  of  the  eye,  exactly  intermediate 
to  the  two  wires  separated  by  a  small  interval,  and  then  record- 
ing the  vernier  reading.  Both  processes  are  exhibited  in  Fig. 
51  (1),  S  representing  the  larger  and  a-  the  smaller  component. 
The  second  process  is  generally  preferable  for  very  close  stars  of 
unequal  magnitudes,  the  eye  judging  with  accuracy  of  the 
symmetry  of  the  positions  of  the  wires  relative  to  the  apparent 
disks  of  the  two  stars. 

318.  After  thus  obtaining  the  reading  of  the  circle  for 
angle  of  position,  the  position-circle  is  turned  through  90°  for 
the  purpose  of  measuring  the  distance  between  the  stars.  This 
may  be  done  by  placing  one  of  the  wires,  as  .47?,  at  a  fixed 
micrometer-reading  (See  Fig.  51  (2)),  bisecting  the  stars  simul- 
taneously by  the  two  wires  by  means  of  the  slow  movement  of 
the  instrument  combined  with  the  micrometer  movement  of 

20—2 
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the  other  wire  ab,  and  then  after  passing  this  wire  to  the  other 
side  of  AB,  bisecting  the  two  stars  again  by  the  same  means. 
Let  rt  be  the  micrometer-reading  for  the  first  position  of  ab,  and 
r2  that  for  the  second  position,  and  let  c  represent  the  reading 
for  coincidence  of  ab  with  AB.  Then,  supposing  rl  to  be 
greater  than  r2,  we  shall  have 

So-  =  rt  —  c  =  c  —  rz. 
Hence  So-  =  ^  (r\  —  r2), 

which  value,  since  c  is  eliminated,  gets  rid  of  error  incident  to 
the  determination  of  the  coincidence  reading.  By  means  of  the 
reference-direction  and  the  two  measures  of  angle  of  position 
and  distance,  the  celestial  position  of  one  star  relative  to  the 
other  at  the  epoch  of  the  observations  is  ascertained.  (When 
the  two  stars  are  so  nearly  equal  that  it  is  hard  to  say  which  is 
the  brighter,  it  may  happen  that  the  relative  positions  obtained 
on  different  occasions  differ  by  180°.)  By  repetition  of  the 
same  processes  the  relative  celestial  positions  of  the  components 
of  a  triple,  or  quadruple,  star,  or  of  any  limited  portion  of  a 
group  of  close  stars,  might  be  determined1. 

319.  For  the  sake  of  illustration,  two  examples  of  actual 
observations  of  double  stars,  made  with  the  double-wire  micro- 
meter of  the  Northumberland  Equatorial,  and  of  the  calcula- 
tions of  the  angles  of  position  and  distances,  are  here  subjoined. 

1842,  Dec.  3,  7h,  after  obtaining  tlie  reading  178°  13'  of  the 
position-circle  for  the  equatorial  direction,  four  readings  were  recorded 
for  determining  the  angle  of  position  of  y  Andromeda,  the  mean  of 
which  gave  151°  46'.  By  applying  the  reading  for  reference-direction 

1  The  method  of  observing  double  stars  here  described  is  the  same  as  that 
adopted  by  W.  Struve  for  the  composition  of  his  great  work,  entitled  Stellarum 
Duplicium  et  Multiplicium  Hensura  Micrometricce.  A  large  number  of  ob- 
servations of  double  stars  were  made  according  to  this  method  with  the  North- 
umberland Telescope  in  the  years  1839-1843,  principally  by  Mr  John  Glaisher. 
Subsequently  the  Equatorial  was  continually  used  in  observing  newly  discovered 
planets  and  comets,  and  much  time  was  expended  in  provisional  calculations 
of  their  observed  places,  ,in  consequence  of  which  the  observations  of  double 
stars  were  not  resumed,  and  the  reductions  of  those  taken  were  deferred. 
Hitherto  preparations  have  only  been  partially  made  for  publishing  the  results 
of  these  observations. 
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(always  subtractive),  the  result  is  -  26°  27',  to  which  is  to  be  added  90° 
because  the  angle  of  position  is  measured  from  the  north  point. 
Hence  the  required  angle  is  63°  33',  shewing  that  the  position  of  the 
small  star  relative  to  the  other  was  north-following  (nf).  For 
measuring  the  distance,  the  values  found  for  rl  and  r2  were  respectively 
10r,596  and  9r,375,  each  the  mean  of  two  readings.  Hence  the 
distance  %(rl  -  r2)  =  Or,610  =  10",35,  the  value  of  lr  being  16",970 
(Art.  303).  The  following  notes  were  made  in  the  observer's 
memorandum  book  : — The  star  is  2  205  [i.  e.  No.  205  in  Struve's 
Catalogue  of  Double  Stars] ;  the  small  star  followed  [agreeing  with 
the  result  of  the  measures];  the  estimated  magnitudes  2-3  and  5 '6  ; 
the  colour  of  the  larger  star,  bright  yellow,  that  of  the  other,  a 
beautiful  blue;  the  night  was  bad  for  definition,  and  the  stars 
blurrish;  the  smaller  star  was  not  seen  to  be  double  [on  other 
occasions  it  was  observed  as  a  double  star] ;  the  magnifying  power, 
275  ;  the  observer,  G  (Glaisher). 

1842,  Dec.  3,  8h,  the  star  was  55  Piscium  (=246);  the  reading 
of  the  position-circle  for  the  equatorial  direction,  178°  14' ;  the  mean 
of  four  angular  measures,  102°  52'.  Hence  the  angle  of  position 
=  102°  52' -178°  14' +90°  =  14°  38',  according  to  which  the  smaller 
star  followed.  But  the  observer  noted  that  the  small  star  preceded; 
from  which  it  appears  that  the  opposite  vernier  was  inadvertently 
read;  and  as  the  above  angle  is  consequently  to  be  increased  by  180°, 
the  angle  of  position  by  the  observation  was  194°  38',  which  accords 
with  Struve's  value.  The  value  of  r^  was  10r  362  and  that  of  ra 
9r,627,  each  by  two  micrometer-readings,  consequently  the  distance 
\  (ri  ~  r*)  =  0',368  =  6",25.  The  observer's  notes  were  :— Small  star 
preceding;  magnitudes  6 -7  and  9;  colours  yellow  and  blue,  veiy 
decided  ;  sky  misty ;  magnifying  power,  275  ;  observer,  G. 

320.  I  proceed  now  to  explain  in  what  manner  the  double- 
image  micrometer  is  employed  for  observations  of  double  stars. 
Eye-pieces  of  various  powers  furnished  with  double-image 
micrometers  were  executed  by  W.  Simms,  according  to  the 
Astronomer  Royal's  designs,  and  adapted  for  use  with  the 
Northumberland  Equatorial.  Their  construction,  and  tbe  mode 
of  applying  tbem  for  taking  measures,  may  be  understood  from 
the  following  descriptions.  In  Plate  IV.,  Fig.  2  represents  the 
form  of  the  eye-piece,  and  Fig.  3  the  action  of  the  double-image 
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micrometer.  The  eye-piece  is  the  same  as  that  called  the 
erecting  eye-piece  in  Art  272  (p.  261),  where  the  disposition  of 
the  glasses,  and  the  course  of  a  pencil  of  rays  through  them,  are 
shewn  by  Fig.  41.  As  the  rays  of  each  pencil  fall  centricaUy  on 
the  second  lens  reckoned  from  the  object-end,  and  are  limited  by 
a  small  circular  hole  in  a  diaphragm  close  to  the  lens,  advantage 
is  taken  of  these  circumstances  to  form  two  equal  images  of  an 
object  by  dividing  the  lens  through  its  centre  into  equal  parts, 
each  half  furnishing  an  image.  The  separation  of  the  images  is 
effected  either  by  a  micrometer  movement  of  one  half  lens  rela- 
tively to  the  other  fixed  (as  shewn  in  Fig.  3  of  Plate  IV.)>  or  by 
equal  movements  of  the  two  halves  in  opposite  directions.  The 
eye-glass,  or  that  nearest  the  eye,  is  contained  in  a  cylindrical  tube 
prepared  so  that  it  carries  a  single  wire  crossing  its  axis  at  the 
focal  distance  of  that  glass,  and  therefore  distinctly  visible 
together  with  the  image  of  any  celestial  object.  This  tube, 
usually  kept  in  position  by  friction  (as  is  also  the  case  of  the 
larger  eye-piece  tube),  is  furnished  at  its  outer  end  with  a 
milled  rim,  whereby  it  can  be  turned  by  the  fingers  about  its 
axis,  so  as  to  be  capable  of  adjusting  the  wire  to  any  arbitrary 
angular  position.  The  same  thing  might  be  done  without 
moving  the  position-circle,  by  independently  rotating  the  whole 
eye-piece  by  hand.  Such  being  the  mechanical  arrangements,  the 
observations  of  double  stars  are  taken  in  the  following  manner. 
321.  After  turning  the  micrometer-head  for  the  purpose  of 
separating  the  images  of  the  binary  star  to  an  arbitrary  extent, 
the  images  of  one  of  the  stars  are  placed  by  tentative  movements 
of  the  position-circle  and  telescope  so  that  the  line  joining 
them  crosses  the  field  near  its  centre  in  a  direction  judged 
to  be  nearly  equatorial.  Then  by  slow-movement  of  the 
telescope  in  R.  A.  and  P.  D.  and  by  independent  rotation 
of  the  wire,  both  images  of  that  star  can  be  bisected  by  the 
wire,  the  clock  carrying  the  instrument.  The  clock  being 
now  stopped,  if  the  two  images  do  not  leave  the  wire,  both 
remaining  well  bisected,  the  required  setting  of  the  circle  for 
the  separation  of  the  images  in  the  equatorial  direction  is 
effected.  Otherwise,  by  having  independent  rotations  of  the 
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wire  and  the  position- circle  at  command,  together  with  slow- 
movements  of  the  telescope,  it  is  possible  by  a  few  trials  to 
satisfy  the  condition  that  the  central  points  of  both  images  be 
carried  along  the  wire  by  the  diurnal  movement,  as  represented 
by  Figure  52  (1).  The  reading  of  the  vernier  when  this  is  the 

Fig.  52. 


y     y    v  #m- 


case,  gives  the  equatorial  reference-direction.  The  adopted 
reference-reading  should  be  the  mean  of  several  recorded 
determinations.  Next,  the  position-circle  is  turned  till  the  four 
images  are  all  bisected  by  the  wire,  as  shewn  in  (2)  and  (3) ;  and 
lastly,  by  turning  the  micrometer-head  the  three  spaces  inter- 
mediate to  the  images  are  made,  according  to  the  judgment  of 
the  eye,  to  be  all  equal.  In  (2)  the  separation  of  the  images  is 
double  the  distance  between  the-  stars,  and  in  (3)  it  is  half  that 
distance.  In  the  arrangement  of  (4)  cr$'  is  judged  to  be  equal 

SfSf' 

and  perpendicular  to  So;  so  that  Scr=  -j=.m  The  first  arrange- 
ment, when  practicable,  is  therefore  to  be  preferred. 

322.  The  reading  of  the  position-circle  for  the  new  position 
of  the  wire  (in  (2)  and  (3)),  and  the  micrometer-reading,  may 
now  be  recorded.  The  former  reading  gives,  by  its  excess  above 
that  for  reference-direction,  the  angle  S'SE,  and  the  latter  the 
distance  between  the  stars  multiplied,  as  the  case  may  be,  by  2, 
or  J,  or,  /y2,  and  subject  to  index  error.  In  all  cases  these 
operations  should  be  performed  an  equal  number  of  times  with 
the  images  of  the  stars  separated  in  opposite  directions,  whereby 
probable  errors  incident  to  the  determination  of  the  angle  tfSE 
may  be  eliminated,  and  the  necessity  of  obtaining  the  index  error, 
or  micrometer-reading  for  coincidence  of  the  separated  images, 
is  avoided.  The  adopted  angle  of  position  is  the  mean  of 
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several  measures  of  the  *•  S'SE  increased  by  90°,  and  the 
adopted  distance  is  half  the  mean  of  several  differences  of  pairs 
of  micrometer-readings  taken  with  opposite  separations  of  the 
images.  This  measure  is  converted  into  arc  by  being  multi- 
plied by  the  value  in  arc  of  one  micrometer-revolution  obtained 
as  follows.  The  images  of  a  star  of  known  P.  D.  are  separated 
in  the  equatorial  direction  by  an  arbitrary  large  number  of 
integral  revolutions,  and  by  the  judgment  of  the  eye  the  wire  is 
placed  at  right  angles  to  the  line  joining  the  images.  The 
clock-movement  being  stopped,  the  interval  between  the  tran- 
sits of  the  images  across  the  wire  is  recorded,  and  the  operation 
is  several  times  repeated.  From  the  mean  result  in  time, 
and  the  known  P.  D.  of  the  star,  the  interval  in  arc  of  a  great 
circle  may  be  readily  calculated,  and  from  the  given  number  of 
integral  revolutions,  the  value  of  lr  in  arc  be  inferred. 

323.  We  may  next  proceed  to  consider  in  what  way  the 
double-wire  micrometer  is  used  for  measuring  the  diameters  of 
Planets.  For  this  purpose  the  two  wires  are  placed  simul- 
taneously as  tangents  to  the  planet's  disk  at  the  extremities 
of  the  diameter  proposed  to  be  measured,  whether  it  be  its 
equatorial  diameter,  or  polar  diameter,  or  the  major  axis  of  the 
elliptical  boundary  of  a  gibbous  or  horned  phase.  For  these 
positions  of  the  wires  let  the  reading  of  one  micrometer  (A)  be 
rlf  and  that  of  the  other  micrometer  (B)  be  r2,  the  readings 
increasing  as  usual  towards  the  micrometer-heads.  Then  if  the 
reference  reading  of  A  be  chosen  to  be  a,  and  the  reading  of  B 
be  a  +  c  when  its  wire  coincides  with  that  of  A  at  the  reference 
position,  the  distance  of  the  limb  touched  by  the  wire  of  A  from 
the  reference  point  is  rt  —  a  measured  in  the  direction  towards 
A,  and  that  of  the  wire  of  B  measured  from  the  same  point  in 
the  opposite  direction  is  rz  —  a  —  c.  (By  construction  it  is 
provided  that  a  may  be  an  arbitrary  number  of  integral  revolu- 
tions when  the  wire  of  A  crosses  the  hole  of  the  comb,  and 
that  at  the  same  time  the  coincidence  reading  a  +  c  of  B  shall 
differ  very  little  from  a,  c  being  a  small  fraction  of  a  revolu- 
tion. Generally  for  the  sake  of  convenience,  a  is  assumed  to 
be  10  revolutions.)  Hence  it  follows  that  the  measure  of  the 
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diameter  is  the  positive  value  of  ±  (r\  +  r2—  2a  —  c).  The  co- 
incidence reading  a  +  c  might  be  obtained  in  the  usual  manner 
by  calculating  the  mean  of  an  even  number  of  readings  for 
contacts  of  the  wire  of  B  alternately  on  opposite  sides  of  the 
wire  of  A  at  the  fixed  reading  a  (see  Art.  51).  But  the 
following  process  gets  rid  of  the  necessity  of  taking  coincidence 
readings.  After  recording  the  readings  rl  and  ra,  let  the  wires 
be  made  to  cross  each  other,  and  be  transferred  to  the  opposite 
ends  of  the  diameter,  and  let  rj  and  r2'  be  respectively  the  new 
readings  of  A  and  B.  Then  the  measure  of  the  diameter  is  the 
positive  value  of  +  (r8'  +  rx'  —  2a  —  c),  the  sign  being  changed 
because  as  respects  the  former  measure  the  direction  of  this 
measure  is  reversed.  Hence 

rx  +  rz  —  2a  —  c  =  2a  +  c  -  r/  -  rf', 
and  therefore  2a  +  c  =  ^  (rx  +  r2  +  r[  +  r/). 

Consequently,  by  substituting  for  2a  +  c,  the  plus  value  of 
±(r1+r2-2a-c)  is  the  same  as  that  of  ±  (K^+n)- 2  (<  +  <))> 
or  J((r,  +  r2)  ~0\'  +  O)'  If  the  number  of  sets  of  opposite 
measures  be  n,  and  S,  S'  be  respectively  the  sums  of  the 
readings  of  A  and  B,  it  is  easily  seen  from  these  results  that 

the  mean  value  of  2a  +  c  is  ~-  (S  +  $'),  and  the  mean  value  of 

the  measure  of  the  diameter  is  ^-  (S  ~  S').     (Data  for  numerical 

applications  of  these  formulae  will  be  found  in  pp.  233  and  234 
of  Vol.  XIII.  of  the  Cambridge  Observations,  year  1840.) 

324.  Also  the  double-image  micrometer  may  be  con- 
veniently employed  for  measuring  the  apparent  diameters  of 
Planets.  In  the  instances  of  Jupiter,  Mars  in  opposition, 
Saturn's  Rings,  and  occasionally  his  ball,  the  micrometer  is  read 
for  the  external  contacts  of  one  image  with  the  other  at  the 
opposite  ends  of  the  diameter.  According  as  one  image  is  fixed, 
or  both  move,  the  difference  of  the  readings  measures  double 
the  diameter,  or  simply  the  diameter.  When  the  planet's 
phase  is  either  gibbous  or  horned,  the  measures  may  be  taken 
in  the  same  manner,  but  the  separation  of  the  images  has  to  be 
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made  in  the  direction  of  the  major  axis  of  the  boundary  of 
illumination.  (Examples  of  measurements  of  the  diameters  of 
Jupiter  and  Venus  with  the  double-image  micrometer  are 
given  in  pages  234  and  [142] — [143],  of  Vol.  XIII.  of  the 
Camb.  Obs.1) 

325.  The  optical  principle  of  the  divided  object-glass  mi- 
crometer, or  Heliometer,  is  the  same  as  that  of  the  divided  eye- 
glass micrometer,  inasmuch  as  the  pencils  of  rays  from  points  of 
any   celestial  object   fall  centrically  on  the  object-glass.     The 
Heliometer,  so  called  because  on  account  of  the  large  range  of  its 
micrometer-scale  it  is  adapted  for  measurement  of  the  Sun's 
diameter,  was  employed  in  a  special  manner   by  Bessel   for 
determining  the  parallax  of  the  double  star  61  Cygni,  this  star 
being  selected  because  from  its  large  annual  proper  motion  (5") 
it  might  be  supposed  to  have  sensible  parallax.     The  measures 
were  taken  between  the  middle  point-  of  the  line  joining  the 
component  stars  and  each  of  two  very  small  stars  presumed  to 
have  no  sensible  parallax,  and  distant  from  61   Cygni  about 
12'    and    8',    approximately   in   rectangular    directions.     The 
measures  were  continued  through  2J  years   (in  1837 — 1840) 
and  from  the  variations  of  their  values   (the  proper  motion 
of  61  Cygni  being  taken  into  account)  it  was  concluded  that 
the  star  has  an  annual  parallax  of  0",35,  a  result  which  has 
been  confirmed  by  later  observations2. 

326.  I  propose  to  conclude  the  account  of  the   uses   of 
the  Equatorial  by  stating  in  what  manner  this  instrument  is 
employed  for  discovering  comets  and  small   planets,   and   by 
what  means  observations  of  these  bodies  are  carried  on  after  a 
discovery  has  been  made.     Whether  it  be  the  purpose  of  the 
observer  to  make  an  original  discovery,  or  to  find  an  object 
when  only  a  rough  estimation  of  its  place  can  be  gathered  from 
an  announcement  of  its  having  been  discovered  at  a  distant 

1  For  the  mode  of  employing  Rochon's  Double  Image  Micrometer,   for 
measuring  small  angular  spaces,  see  Godfray's  Treatise  on  Astronomy,  Arts. 
113  and  114. 

2  See  Grant's  History  of  Physical  Astronomy,  p.  551,  and  Vol.  iv.  of  the 
Monthly  Notices  of  the  Astronomical  Society,  pp.  152 — 160. 
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observatory,  the  search  would  be  conducted  by  sweeping  ac- 
cording to  one  or  the  other  of  the  methods  described  in  Art. 
307.  After  detecting  the  object  the  observer  immediately 
compares  it  by  differential  observations  with  a  known  star  if 
one  happens  to  be  in  the  neighbourhood,  or  with  an  unknown 
star  conveniently  situated,  the  place  of  which  is  determined  at 
the  time  by  comparisons  with  a  known  star.  The  original 
discoverer,  after  thus  obtaining  two  places,  and  deducing  there- 
from rates  of  motion  of  the  body  in  R  A.  and  P.  D.,  com- 
municates with  as  much  despatch  as  possible  these  data  to  other 
observers,  for  evidence  of  the  originality  of  the  discovery,  and 
for  the  purpose  of  receiving  aid,  under  possible  contingencies  of 
the  weather,  in  securing  additional  observations.  After  three 
places  have  been  satisfactorily  ascertained,  whether  by  observa- 
tions made  at  the  observatory  of  the  discoverer,  or  by  a  com- 
bination of  those  made  at  several  observatories,  a  first  approxi- 
mation to  the  orbit  of  the  body  can  be  deduced  on  the  principles 
of  the  theory  of  gravitation,  and  from  the  elements  so  obtained 
a  rough  ephemeris  of  the  apparent  motion  can  be  calculated. 
For  this  purpose  the  three  places  need  not  be  far  separated  in 
time ;  they  might  be  used  even  if  deduced  from  observations 
made  on  three  successive  nights.  This  first  ephemeris  may 
facilitate  carrying  on  the  observations  till  three  other  places 
separated  by  larger  intervals  have  been  well  ascertained, 
whereby  a  more  accurate  ephemeris  can  be  calculated1.  By 

1  The  principles  on  which  parabolic-orbits  are  to  this  day  calculated  from 
three  observed  places  are  fully  stated  and  exemplified  in  Newton's  Principia, 
Book  in.,  Proposition  XLI.  In  Proposition  XLII.  he  enters  upon  considerations 
relative  to  elliptical  orbits,  particularly  with  reference  to  that  of  Halley's  Comet. 
Various  modes  of  applying  Newton's  principles,  differing  in  the  processes  of 
approximation,  have  been  adopted  by  modern  geometers.  For  instance,  La- 
place's investigation  is  conducted  by  analytical  expansion,  and  in  that  respect 
differs  from  the  more  geometrical  process  of  Gauss.  In  the  Memoirs  of  the 
Royal  Astronomical  Society  (Vol.  xvn.  pp.  59-77)  I  have  produced  and  ex- 
emplified a  method,  which,  although  it  follows  Laplace's  in  employing  analytical 
expansion,  differs  from  it  in  the  details  of  the  numerical  application.  Subse- 
quently I  found  that  slight  modifications  in  the  analytical  reasoning  of  the  same 
method  gave  rise  to  two  other  forms  of  expansion,  one  of  which  led  to  the  well 
known  equation  in.  in  Gauss's  Theoria  Motus  Corporum  Cacle&tium  (Lib.  n. 
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continuing  this  process  the  elements  of  the  orbit  are  obtained 
with  increasing  exactness,  till  finally  an  orbit  is  arrived  at 
which  satisfies  as  nearly  as  possible  all  available  observations 
made  at  different  observatories  during  this  first  apparition  of 
the  object,  and  which  may  serve  to  determine,  in  the  case  of  a 
comet,  whether  the  result  is  a  parabolic  orbit  or  one  sensibly 
elliptical.  In  any  instance  of  an  elliptical  orbit,  whether  a 
planet's  or  a  comet's,  the  concluded  elements  are  employed  for 
calculating  an  ephemeris  which  may  serve  for  detecting  the 
body  at  the  next  apparition.  Then  by  employing  the  results 
of  the  observations  of  the  two  apparitions,  more  correct  elements 
might  be  obtained,  and,  it  may  be,  of  sufficient  accuracy  for 
calculating  the  amounts  of  perturbations  produced  by  the  large 
planets.  By  continuing  this  process,  and  combining  the  results 
as  to  the  elements,  given  by  the  first  two  apparitions  after 
taking  account  of  the  perturbations,  with  those  similarly  de- 
rived from  subsequent  apparitions,  mean  elements  for  a  given 
epoch,  which  very  approximately  include  the  effects  of  planetary 
perturbations,  might  be  arrived  at1. 


OTHER  FIXED   INSTRUMENTS   OF  AN 
OBSERVATORY. 

The  instruments  which  will  be  treated  of  under  this  heading 
are,  the  Altitude  and  Azimuth  Instrument,  the  Fixed  Zenith 
Sector,  and  the  Transit  in  the  Prime  Vertical. 

Sect,  i.,  Art.  140),  and  of  course  to  all  the  results  deducible  therefrom.  As  I 
had  reason  to  conclude  that  of  the  three  methods  I  have  referred  to,  Gauss's 
was  the  most  rapidly  convergent,  I  have  not  thought  it  -worth  while  to  publish  the 
additional  analytical  investigations. 

1  The  Northumberland  Equatorial  was  largely  made  use  of  in  the  years 
1845-1858  for  observations  of  newly  discovered  planets  and  comets,  for  the 
purpose  of  furnishing  data  for  calculating  their  orbits  by  the  processes  above 
stated,  but,  excepting  in  the  instance  of  the  Planet  Neptune,  no  attempts  were 
made  to  obtain  original  places  of  these  bodies.  Provisionally  reduced  results  of 
the  major  part  of  the  observations  have  been  published  in  the  Monthly  Notices 
of  the  Astronomical  Society,  and  in  the  Astronomische  Nachrichten. 
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327.  The  main  principle  of  this  instrument  (named  also 
for  the  sake  of  brevity  an  Altazimuth)  may  be  indicated  by 
means  of  Figure  53,  which  represents  a  wooden  model  used  in 

Fig.  53. 


my  Lectures.  As  respects  the  mode  of  supporting  the  telescope 
and  two  graduated  circles,  the  arrangements  resemble  those  of 
an  Equatorial,  but  because  the  axis  about  which  the  whole  in- 
strument revolves  is  vertical  instead  of  being  inclined,  in  point 
of  steadiness  it  is  much  superior  to  an  Equatorial.  The  Figure 
represents  that  the  instrument  is  supported  in  the  vertical  posi- 
tion by  a  frame,  which  practically  might  be  constructed  in  any 
manner  that  ensures  the  condition  of  steadiness.  The  vertical 
axis  of  revolution,  the  direction  of  which  coincides  with  a  straight 
line  joiniDg  the  centres  of  the  circular  holes  0,  o,  is  the  common 
axis  of  a  lower  and  an  upper  pivot.  The  lower  pivot  turns  in 
a  perforation  made  in  the  fixed  circular  plate  c,  and  the  upper 
pivot  is  held  in  close  contact  with  a  horizontal  Y,  which  at 
first  should  be  so  nearly  adjusted,  that  the  remaining  errors  of 
position  of  the  axis  may  admit  of  being  allowed  for  in  the 
reduction  of  the  observations  (see  next  Art.).  A  is  the  object- 
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end,  and  E  the  eye-end,  of  the  telescope ;  dd  is  the  altitude 
circle,  and  ee  the  azimuth  circle,  read  off  respectively  by  pairs 
of  opposite  microscopes,  placed  as  indicated  by  m,  ra  and  n,  n. 
The  columns  pp,  pp  and  qq,  qq,  with  their  circular  terminals, 
represent  the  material  connection  between  the  upper  and  lower 
pivots,  which,  whatever  form  be  given  to  it,  should  especially 
be  rigid.  The  axis  of  motion  of  the  altitude  circle,  which  is 
required  to  be  in  a  direction  at  right  angles  to  the  axis  of 
revolution  of  the  instrument,  should  be  mechanically  adjustible 
to  such  position,  unless  the  deviation  be  allowed  for  in  the 
reduction  of  the  observations  (see  next  Art.).  The  Figure 
indicates,  as  a  possible  mode  of  adjusting  the  altitude-axis,  that 
one  of  the  pivots  (y)  rests  in  a  support  which  is  movable  in  the 
vertical  direction  relatively  to  a  fixed  transverse  bar  (x\  and 
may  be  fastened  to  the  bar  by  a  nut  and  screw  (s)  in  any  re- 
quired position. 

328.  A  Fixed  Altitude  and  Azimuth  Instrument,  the  con- 
struction and  mounting  of  which  were  planned  by  the  present 
Astronomer  Royal,  has  been  made  use  of  at  the  Greenwich 
Observatory  since  the  year  1847,  for  the  important  purpose  of 
increasing  the  number  of  exact  observations  of  the  Moon  avail- 
able for  application  in  the  Lunar  Theory.  I  propose  to  give 
here  some  account  of  the  methods  of  observing  with  this 
instrument,  the  special  means  employed  for  obtaining  accurate 
results,  and  the  processes  of  the  calculation  by  which  the 
observations  are  reduced1.  It  will,  first,  be  proper  to  state  that 
by  means  of  a  pier  of  brickwork  forming  the  basis  of  a  tri- 
angular arrangement  of  the  parts  of  the  frame  which  serve  for 
fixing  the  position  of  the  Y  for  the  upper  pivot,  the  condition 
of  steadiness  of  the  vertical  axis  is  secured,  and  that  for  the 
sake  of  rigidity  of  the  instrument,  as  many  of  the  moving  parts 

1  A  full  description  of  the  Greenwich  Altazimuth  Instrument  is  given  in  the 
Introduction  to  the  volume  of  Greenwich  Observations  for  1847,  pp.  iv. — xxvii., 
and  in  an  appendix  to  that  for  1867,  illustrated  by  diagrams,  and  accompanied 
by  a  perspective  view  of  the  Instrument  as  mounted  (previously  published  in  the 
Illustrated  London  News,  September,  1847).  The  methods  of  observing  with  it 
and  reducing  the  observations  are  explained  in  successive  volumes,  for  instance 
in  pp.  xiii. — xvii.  and  xci. — cxi.  of  the  volume  for  1875. 
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as  possible  are  formed  in  one  cast  of  metal,  no  small  screws 
are  used  in  the  union  of  parts,  and  no  power  of  adjustment 
is  left  in  any  part,  it  being  intended  that  the  observations  shall 
be  so  arranged  that  every  instrumental  error  shall  be  deduced 
from  the  ordinary  observations,  and  that  numerical  corrections 
shall  be  applied  in  the  reduction  of  the  observations.  Also 
the  friction  on  the  lower  pivot  is  diminished  by  a  weight 
acting  by  means  of  a  lever  from  below  in  the  vertical  direc- 
tion. 

329.  It  is,  in  the  first  place,  to  be  remarked  that  the 
methods  of  taking  observations  of  azimuth  and  zenith  distance 
are  independent  of  each  other,  and  may  be  described  separately. 
For  an  observation  of  azimuth,  the  instrument,  after  being  suit- 
ably set,  as  to  time  and  pointing  of  the  telescope,  for  catching 
the  object,  is  clamped  in  azimuth,  and  in  making  the  observa- 
tion a  moderately-slow-motion  screw  is  used  to  cause  the  object 
to  cross  the  middle  of  each  vertical  wire.  The  transit-times 
are  recorded  either  by  the  chronographic  method  (Arts.  129 — 
130),  or  by  eye-and-ear  observation.  The  mean  of  the  times, 
corrected  for  personal  equation  of  the  observer,  and  for  ascer- 
tained clock-error,  gives  the  sidereal  time  of  the  observation, 
whether  the  transits  be  taken  at  all  the  wires,  or  omitted  at 
some.  The  readings  of  the  micrometer-microscopes  (four  in 
number)  of  the  horizontal  azimuth  circle  are  then  recorded. 
These  are  corrected  for  error  of  Runs  on  the  principles  stated 
in  Art.  180  relatively  to  the  Mural  Circle.  The  formula  used 
at  Greenwich  for  this  purpose  is  investigated  as  follows.  Sup- 
pose that  by  the  usual  measurements  for  Runs  an  arc  of  6'  is 
found  to  be  equivalent  to  a—p,  b  —  q,  r  —  c,  s  —  d  micrometer 
revolutions  of  the  respective  microscopes,  a,  b,  c,  d  being  the 
measures  to  the  nearest  tenth  of  a  revolution,  and  p,  q,  r,  s  very 
small  fractions  of  a  revolution.  Then  if  w,  x,  y,  z  be  the  micro- 
meter readings  in  any  observation,  the  concluded  circle-reading 
corrected  for  Runs  is  the  Pointer  Reading  increased  by 
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or,  very  nearly,  on  account  of  the  smallness  of  p,  q,  r,  s,  and 


w   x 
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near  equality  of  —  ,  r  ,  &c 

QJ      0 
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which  form  is  convenient  for  calculation. 

-  330.  In  the  case  of  omitted  wires  another  correction  is 
required,  the  amount  of  which  is  equal  to  the  angular  distance 
between  the  mean  of  the  wires  observed  and  the  mean  of  all 
the  wires  (six),  multiplied  by  the  cosecant  of  zenith  distance 
to  obtain  the  corresponding  arc  of  the  horizon.  The  calculation 
of  this  correction  requires,  therefore,  a,  previous  determination 
of  the  angular  distances  of  the  several  wires  from  the  mean 
of  all,  which  is  effected  by  the  following  process.  From  the 
recorded  times  of  horizontal  transit  of  a  star  across  the  vertical 
wires,  taken  as  above  stated  in  an  observation  for  azimuth,  the 
distance  in  time  of  each  wire  from  the  mean  of  all  is  inferred. 
Like  inferences  are  drawn  from  the  vertical  transit  of  a  star 
across  the  set  of  horizontal  wires  (to  be  presently  mentioned). 

Putting  X  for  the  latitude  of  the  Observatory,  a  for  the  azi- 
muth of  the  star,  calculated  for  the  sidereal  time  of  observation, 
(see  Art.  329),  and  reckoned  from  the  North  or  South  point, 
and  T  for  the  interval  in  seconds  of  time  for  any  wire  as 
inferred  from  a  vertical  transit,  it  is  easily  shewn  that  the 
required  vertical  interval  in  arc  =  15  T  cos  X  sin  a.  Hence, 
T  being  similarly  derived  for  a  vertical  wire  from  a  horizontal 
transit  of  a  star  whose  P.  D.  is  S  across  the  vertical  wires,  the 
required  horizontal  interval  in  arc  =  15  T'  (sin2  S  —  cos2  X  sin2  c,)*, 
the  whole  movement  of  the  star  in  the  time  T'  being  15  T'  sin  S. 
The  calculations  indicated  by  the  two  formulae  having  been 
gone  through  for  each  of  a  large  number  of  transits,  (say  50 
vertical  and  50  horizontal),  the  means  of  the  several  results 
give  the  intervals  in  arc  of  the  respective  wires  from  the  mean 
of  all  for  both  sets  of  wires.  After  applying,  in  the  case  of  an 
observation  for  azimuth  the  corrections  calculated  by  the  second 
formula  for  omitted  wires,  the  concluded  azimuth  reading  per- 
tains in  every  instance  to  the  mean  of  all  the  wires. 
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331.  This  concluded  reading  has  next  to  be  corrected  for 
error  of  collimation,  the  amount  and  direction  of  which   are 
obtained  most  readily  by  making  use,  in  the  usual  way,  of  a 
mark  on  a  level  with  the  instrument.     (At  Greenwich  another 
method  is  also  employed,  depending  upon  the  concluded  azi- 
muth readings  for  a  high  star  and  a  low  star  in  reverse  positions 
of  the  telescope.     See  vol.  for  1875,  p.  cvi.)     As  the  mark  is 
necessarily  bisected  by  a  single  wire,  the  immediate  result  of 
the   operation  is   the   horizontal  error   of  collimation   of  the 
selected  wire,  from  which  that  of  the  mean  of  the  wires  is 
derived  by  applying  a  correction  for  the  already  ascertained 
distance  of  the  wire  from  the  mean  of  all.     The  correction  of 
the  azimuth  reading  for  error  of  collimation  is  evidently  equal 
to  the  Horizontal  Error  (with  the  appropriate  sign)  multiplied 
by  the  cosecant  of  approximate  Zenith  Distance.     A  new  deter- 
mination of  the  constant  of  this  correction  is  made  at  the  end 
of  each  lunation  from  the  aggregate  of  the  values  obtained  in 
the  course  of  the  lunation. 

332.  The  reading  of  the  azimuth  circle  is  also  affected  by 
any  error  of  position  of  the  altitude-axis,  which  is  required  to 
be  exactly  horizontal.     For  calculating  such  error,  four  levels, 
two  upper  and  two  lower,  are  attached  to  the  instrument  with 
their  axes  in  directions  parallel  to  the  axis  of  the  altitude-circle, 
and  for  each  observation  the  two  ends  of  each  bubble  are  read 
off.     From  the  eight  data,  regard  being  had  to  the  order  of  the 
scale-graduations,  and  the  values  of  the  scale-intervals,  a  con- 
cluded Level-indication   may  be  obtained  by  the  calculation 
indicated  in  Arts.  68 — 70.    The  rule  adopted  for  the  Greenwich 
instrument  is  to  add  all  the  scale-readings,  subtract  1000  from 
the  sum,  and  divide  the  remainder  by  8,  the  mean  of  the  values 
of  the  scale-intervals  being  found  to  be  as  nearly  as  possible  1". 
From  this  concluded  level-indication,  that  for  the  horizontal 
position  of  the  altitude-axis  (obtained  as  shewn  in  the  next  Art.) 
has  to  be  subtracted,  and  the  remainder,  which,  with  the  proper 
sign,  represents  the  angular  elevation  of  one  end  of  the  axis, 
gives,  after  being  multiplied  by  the  cotangent  of  Z.  D.,  the 
correction  for  level-error  to  be  applied  to  the  azimuth  reading, 

c.  21 
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that  factor  being  required  on  account  of  the  displacement  of  the 
vertical  axis  in  a  plane  at  right  angles  to  the  plane  of  collima- 
tion  of  the  altitude-circle.  By  subtracting  from  this  finally 
corrected  reading  the  zero,  or  index  error,  of  the  azimuth  circle 
(see  next  Art.),  the  concluded  azimuth  of  the  object  at  the  time 
of  observation  is  obtained. 

333.  It  only  remains  now  to  find  the  level-indication  for 
the  horizontal  position  of  the  axis  of  the  altitude-circle,  and 
the  zero  of  azimuth.  After  applying  corrections  for  collimation 
error,  calculated  with  the  mean  value  of  the  constant  of  the 
correction  obtained  as  stated  in  Art.  331,  let  Or  and  Ot  be  the 
readings  of  the  azimuth  circle  for  observations  of  a  known  star 
with  graduated  face  of  the  altitude-circle  to  the  right-hand  and 
to  the  left-hand,  Cr  and  Ct  its  azimuths  computed  for  the  times 
of  observation,  Lr  and  Ll  the  level-indications,  Dr  and  Dl  ap- 
proximate computed  zenith  distances.  Then  putting  y  for  the 
level-indication  corresponding  to  the  horizontal  position  of  the 
altitude-axis,  and  z  for  the  zero  or  index  error  of  azimuth,  we 
have,  from  what  is  shewn  in  Art.  332, 


from  which  equations  it  will  be  found  that 
Qr  -  cr  -  (Ot  -  Q  +  Lr  cot  Dr  +  Lt  cot  Dt 


_  (Qr  -  Cr)  cot  D,  +  (Ot  -  Ct)  cot  Dr  +  (Lr  -  Z,)  cot  Dr  cot  Dt 
cot  Dr  +  cot  Dt 

For  the  determination  of  y  it  suffices  to  use  a  single  star, 
but  a  high  star  is  preferable  to  a  low  one.  The  zero  of  azimuth 
adopted  for  any  day's  observations  is  either  deduced  from  the 
star-observations  of  that  day,  or,  if  the  zero  appears  to  be 
steady,  by  combining  with  them  the  observations  of  other  days. 

334.  Each  observation  of  the  Moon's  First  or  Second  Limb 
for  azimuth,  as  often  as  it  is  possible,  is  made  with  the  gradua- 
tion of  the  altitude-circle  Right  and  Left,  and  is  accompanied 
by  observations  of  azimuths  of  known  stars,  also  made  with 
graduation  Right  and  Left.  Measures  for  determining  the 
coefficient  of  collimation  by  a  mark  or  collimator  are  generally 
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grouped  with  the  observations  on  any  day  on  which  the  Moon 
is  observed,  and  not  unfrequently  are  taken  on  other  days. 
The  calculations  of  Cr  and  Cl  for  the  given  sidereal  times  are 
founded  on  places  of  the  stars  derived  from  a  star-catalogue 
formed  from  observations  made  with  the  Greenwich  Transit- 
Circle. 

335.  We   may  now   proceed   to   consider  the   method  of 
taking   independently    (see   Art.    329)    observations    of   zenith 
distance.     In  an  observation  for  zenith  distance  vertical  transits 
are  observed   across  the  set  of  horizontal  wires  by  a   process 
analogous  to  that  for  the  horizontal  transits  (described  in  Art. 
329),  the  Altitude-Circle  being  clamped,  and  the  moderately- 
slow-motion  of  the   azimuth-circle   being   used   to   make   the 
transit   of  the   object  take   place   across  the  middle   of  each 
horizontal  wire.     It  is,  however,  to  be  noticed  that  the  mean 
of  the  times  so  taken  does  not  give  the  time  at  which   the 
object  was  at  the  mean  of  the  wires  unless  its  vertical  motion 
were  uniform,  which  is  not  strictly  the  case,  especially  for  zenith 
distances  observed  near  the  meridian.     Hence  a  correction  of 
the  mean  of  the  times  (generally  a  very  small  quantity)  is  re- 
quired on  this  account,  formulae  for  the  calculation  of  which 
are  investigated  in  pp.  xcv. — xcvii.  of  the  Introduction  to  the 
Volume  of  Greenwich  Observations  of  1875.     By  applying  this 
correction,  together  with  corrections  for  personal  equation  and 
error   of  the   clock,  to  the   mean  of  the  observed  times,  the 
sidereal  time  of  the  observation  is  obtained. 

336.  Next,  the  readings  of  the  four  microscopes  of  the 
Altitude-Circle  are  recorded.    These  readings  are  in  micrometer 
revolutions,   and  the  mean  of  their  sum  in  arc,  corrected   for 
Runs,   is  calculated  by  a  formula  exactly  analogous   to   that 
obtained  in  Art.  329  relatively  to  the  azimuth  circle.     In  case 
of  the  omission  of  any  wires  in  observing   the   transits,   the 
resulting  sidereal  time  applies  to   a   direction    of  collimation 
passing  through  the  mean  of  the  observed  wires.     Hence,  as  it 
is  requisite  that  the  direction  of  collimation  should  in   every 
instance  be  made  to  pass  through  the  mean  of  all  the  wires,  a 
correction  is  required  equal  in  amount  to  the  interval  in  arc 

21—2 
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between  the  mean  of  the  observed  wires  and  the  mean  of  all. 
A  formula  has  already  been  obtained  in  Art.  330  for  deriving 
from  vertical  transits  the  interval  for  any  single  wire,  viz. 
interval  =  15T  cos  X  sin  a.  Hence  the  required  correction  for 
the  interval  between  the  mean  of  the  omitted  wires  and  the 
mean  of  all  may  be  readily  inferred.  When  a  mark,  or  colli- 
mator,  is  observed,  the  amount  of  correction  is  simply  the 
interval  in  arc  of  the  horizontal  wire  used  for  bisection  from 
the  mean  of  the  wires.  After  calculating,  as  above  stated,  the 
corrected  mean,  in  arc,  of  the  microscope  readings,  the  result 
added  to  the  Pointer  Reading  gives  the  concluded  reading  of 
the  altitude-circle. 

337.  There  are  two  levels  parallel  to  the  plane  of  the 
altitude-circle,  one  vertically  above  the  other,  and  in  any  ob- 
servation the  scale-readings  of  the  two  ends  of  each  bubble 
are  recorded.  The  directions  of  the  graduations  are  so  arranged 
that  the  mean  of  the  four  readings  multiplied  by  1",075,  which 
is  the  mean  value  of  one  scale  interval  for  both  levels,  gives  a 
Level-indication  inclusive  of  a  certain  constant  depending  on 
the  assumed  zeros  of  the  scales  (see  Art.  332),  which  constant 
is,  in  fact,  equal  to  the  level-indication  when  the  axis  of  the 
azimuthal  rotation  is  vertical.  The  correction  for  refraction  is 
calculated  in  the  usual  way  (Art.  215)  for  an  approximate 
zenith  distance  by  employing  an  approximate  zenith  point. 
By  applying  the  level-indication  derived  from  the  four  scale- 
readings,  and  the  correction  for  refraction,  to  the  Pointer 
Reading,  a  corrected  reading  of  the  altitude- circle  is  obtained, 
which,  however,  involves  the  above-mentioned  constant.  The 
difference  between  such  reading,  and  that  for  the  zenith  direc- 
tion (named  the  Zenith  Point),  is  the  concluded  zenith  distance, 
supposing  the  Zenith  Point  to  be  obtained  as  follows.  Let 
Or  and  Ot  be  the  corrected  circle-readings  in  two  successive 
observations  of  the  same  star  in  reverse  positions  of  the  gradua- 
tion, Cr  and  Cl  the  corresponding  zenith  distances  computed 
from  an  adopted  place  of  the  star,  and  Z  the  Zenith  Point. 
Then  assuming  the  computed  values  to  be  exact,  we  have 
±  (Or  -  Z]  =  Cr  and  +(0,-£)  =  C'/, 
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according  as  Or  or  Ol  is  greater  than  Z,  the  quantities  on  both 
sides  of  the  equations  being  necessarily  positive.  Hence  it  will 
be  found  that 

7_Or+Ol-rCr-Cl 

~T~  2      ' 

according  as  Or  is  greater  or  less  than  Ot.  If  instead  of  a  star, 
a  mark,  or  collimator,  be  bisected,  Cr  and  Ct  will  be  equal,  and 
the  formula  is  simply 

*=4±*'. 

As  either  of  these  values  of  Z  involves,  in  the  same  manner  as 
the  corrected  altitude-reading,  the  constant  depending  on  the 
level  zeros,  it  will  be  seen  that  the  concluded  zenith  distance, 
being  the  difference  between  that  reading  and  Z,  is  free  from 
the  constant. 

338.  Thus  the  observations  of  the  Moon  consist  of  deter- 
minations, at  ascertained  sidereal  times,  of  azimuths  of  the 
First  or  Second  Limb,  and  of  zenith  distances  of  the  Upper 
or  Lower  Limb,  by  the  processes  above  described,  the  zero  of 
azimuth  being  derived  from  accompanying  star-observations  of 
azimuth,  and  the  zenith  point  from  accompanying  star-observa- 
tions of  zenith  distance,  excepting  so  far  as  instead  of  the  latter 
a  collimator  is  used.  With  this  exception  the  lunar  observa- 
tions depend  upon  star-places  obtained  by  means  of  observations 
on  the  meridian.  (The  star-places  in  the  Greenwich  reductions 
are  deduced  fundamentally  from  the  "  New  Seven-year  Cata- 
logue of  2760  stars  for  1864,  0,  founded  on  observations  with 
the  Transit-Circle,"  and  forming  Appendix  II.  to  the  Volume 
of  Observations  for  1868.)  Since  it  is  possible  to  observe  the 
Moon  much  nearer  to  her  conjunction  with  the  Sun  with  the 
Altazimuth  than  with  the  Transit-Circle,  and  in  other  respects 
the  number  of  available  opportunities  as  respects  the  state  of 
the  sky  is  greater,  it  is  found  practicable  to  obtain  about  twice 
as  many  places  with  the  former  instrument  as  with  the  other. 
In  a  Report  of  the  Astronomer  Royal  to  the  Greenwich  Board 
of  Visitors  dated  June  3,  1876,  the  respective  numbers  per 
lunation  are  stated  to  be  180  and  88. 
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339.  Having  gone  through  all  the  processes  of  observation 
and  calculation  whereby  places  of  the  Moon  sufficiently  trust- 
worthy for  use  in  the  Lunar  Theory  are  obtainable  with  an 
Altazimuth,  we  may  now  consider  by  what  processes  of  calcula- 
tion such  places  are  compared  with  theoretical  places.  As, 
however,  this  is  a  matter  of  such  length  and  complexity  as  to 
be  unsuitable  for  treatment  in  detail  in  a  work  like  the  present, 
I  shall  only  undertake  to  give  an  abstract  of  the  procedure 
adopted  at  Greenwich,  and  must  refer  for  fuller  information  to 
the  contents  of  Sections  9  and  10  (pp.  c. — cxi.)  of  the  Introduc- 
tion to  the  Greenwich  Observations  of  1875.  First,  the  Mean 
Solar  Times  of  the  observations  both  of  azimuth  and  altitude 
are  calculated  in  the  usual  way  from  the  sidereal  times  obtained 
as  shewn  in  Arts.  329  and  335.  Next,  the  Moon's  Tabular 
Geocentric  R.A.,  P.D.,  Parallax,  and  Semidiameter,  for  the 
mean  times  of  the  observations  of  her  Limbs,  are  interpolated 
to  second  differences  from  the  data  in  the  Nautical  Almanac. 
(The  Astronomer  Koyal  has  proposed  a  mode  of  interpolating 
to  second  differences,  described  in  pp.  ci. — ciii.  of  the  above- 
named  Introduction,  whereby  errors  incident  to  changes  of 
sign  are  avoided.)  The  Moon's  place  is  then  transferred  from 
the  Earth's  centre  as  origin  to  the  point  of  intersection  of  the 
Earth's  axis  with  the  normal  to  the  elliptical  meridian  drawn  at 
the  position  of  the  Observatory.  A  correction  has  to  be  applied 
on  that  account  to  the  tabular  P.D.,  the  formula  for  which  is 
obtained  as  follows.  The  semi-axis  major  and  the  semi-axis 
minor  of  the  terrestrial  ellipse  being  a  and  b,  and  the  astro- 
nomical colatitude  of  the  Observatory  being  I,  it  is  known  from 
Conic  Sections  that  the  distance  of  the  foot  of  the  normal  from 
centre  is  (a2  —  62)  (62  +  a2  tan2  Q~*.  Putting  ae  for  this  quantity, 
we  have,  with  sufficient  approximation,  ae  x  sin  of  Moon's  P.D. 
for  the  distance  of  centre  from  the  normal,  and  for  the  angle 
subtended  at  the  Moon  by  this  small  line 

€  x  seconds  of  Moon's  Eq.  Hor.  Parallax  x  sin  Moon's  P.D. 

This  is  the  correction  to  be  applied,  always  subtractively,   to 
the  Moon's  tabular  P.D.  for  transfer  of  origin.     (For  the  lati- 
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tude  of  Greenwich  e  =  [7,7174788],  the  ratio  of  the  Earth's 
axes  being  taken  to  be  that  of  300  to  299.)  From  the  three 
data,  the  Hour  Angle  (equal  to  the  difference  between  the 
calculated  R.A.,  whether  of  star  or  Moon's  centre,  and  the 
sidereal  time  of  observation),  the  calculated  P.D.  of  the  object, 
corrected  for  the  Moon  as  just  stated,  and  the  colatitude  of  the 
Observatory  (  =  38°.  31'.  21",89  for  Greenwich),  it  is  simply  a 
problem  in  Spherical  Trigonometry  to  infer  the  values  of  the 
arcs  which  may  be  termed  the  normal-centric  azimuth  and 
normal-centric  Z.D.  of  the  Star  or  the  Moon's  centre.  (Formula 
for  the  calculations  are  given  in  p.  civ.  of  the  same  Introduction.) 
340.  For  comparing  an  observed  azimuth  of  the  Moon's 
first  or  second  Limb  with  the  corresponding  tabular  value,  the 
calculated  azimuth  of  centre  is  corrected  for  semi-diameter  by 
the  following  process.  To  the  interpolated  semi-diameter 
(Hansen's,  corrected  by  +  0",49  from  results  of  Greenwich 
observations)  a  correction  is  applied  for  excess  of  the  Moon's 
distance  from  the  foot  of  the  normal  above  her  distance  from 
the  earth's  centre,  which  excess  is  equal  to  ae  x  cos  ])'s  P.  D. 
(see  Art.  339).  Hence  if  S  =  the  semi-diameter  in  seconds, 
computed  as  above  stated,  $'  the  required  semi-diameter,  and  D 
the  Moon's  distance  from  the  earth's  centre,  we  have 

-o  =  TT-, *>   T>  T^  =  1  —  -n  cos  Vs  P.  D.,  very  nearly. 

8     D  +  ae  cos  D  s  P.  D.  D 

Thus  the  correction  to  be  applied  to  S  to  obtain  S'  is 
-Sx^cosD'sP.D. 

Since  -~  is  equal  to  the  sine  of  the  Moon's  equatorial  horizontal 

parallax,  if  we  use  the  mean  value  of  the  parallax,  and  assume 
it  to  be  57',  the  correction  becomes,  with  sufficient  approxi- 
mation, -  S  x  [8,21958]  e  x  cos  })'s  P.  D. 
(For  the  latitude  of  Greenwich  [8,21958]  e=  [5,93706],  because 
(Art.  339)  e  =  [7,71748].)  After  correcting  8  by  this  quantity, 
the  correction  to  be  applied  to  the  tabular  normal-centric 
azimuth  of  centre  for  semi-diameter,  is  equal  to 

+  corrected  semi-diameter  x  cosec  of  normal-centric  Z.  D. 
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By  applying  this  correction  and  comparing  the  result  with  the 
observed  normal-centric  azimuth  of  Limb  (Art.  339),  which  is 
the  same  at  the  place  of  observation  as  at  the  foot  of  the 
normal,  the  apparent  error  of  Tabular  Azimuth  is  obtained. 

341.  The  correction  applied  to  the  tabular  normal-centric 
zenith  distance  (Art.  339)  for  semi-diameter,  is  the  semi-dia- 
meter interpolated  for  the  mean   time  of  the  observation  of 
Z.  D.,  corrected  in  this  case  by  +  1",01  from  results  of  Greenwich 
observations,  and  reduced,  as  before,  to  the  foot  of  the  normal. 
(The  value  of  the  last  correction  adopted  at  Greenwich  is 

-  930"  x  [5,93708]  x  cos  }>'s  P.  D., 
a  mean  value  of  the  semi-diameter  being  used.) 

342,  The  normal-centric  Z.  D.  has  also  to  be  corrected  for 
Parallax.     For  this  purpose  it  is  necessary  to  obtain  the  paral- 
lax depending  on  the  normal-centric  radius,  or  distance  of  the 
foot  of  the  normal  from  the  place    of  observation,  on  which 
account  it  is,  first,  required  to  multiply  the  equatorial  horizontal 
parallax  interpolated  from  the  Nautical  Almanac  by  the  ratio  of 
this  distance  to  the  semi-axis  major.     Using  the  same  notation 
as  in  Art.  339,  this  ratio  is  known  from  Conic  Sections  to  be 


(For  Greenwich,  the  factor  is  [0,0008851],  a  being  to  b  in  the 
ratio  of  300  to  299.)  Again,  as  the  parallax  must  depend  on 
the  Moon's  distance  from  the  foot  of  the  normal,  another  factor 
is  required  equal  to  the  inverse  of  the  ratio  of  this  distance  to 
the  Moon's  distance  from  centre,  which,  as  we  have  seen  (Art. 

340),  is  equal  to  1  -  ^  cos  D's  P.  D-     (For  Greenwich,  taking, 

as  before,  a  =  D  sin  57',  and  e=  [7,71748],  the  factor  becomes 
1  -[5,93706]  cos  i/s  P.  D.)  Supposing  that  P=the  result  of 
multiplying  the  interpolated  parallax  by  these  two  factors, 
,2  =  the  normal-centric  Z.D.  (Art.  339),  and  p  =  the  required 
parallax  in  seconds,  we  have 

sin^?  =  sin  (P  +  a)  sin  z, 

a.  being  Airy's  correction  for  parallax  at  Limb  (see  Arts.  124  and 
232).  The  first  approximation  to  the  value  of  p  being  P  sin  z, 
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if  we  substitute  for  siup  and  sin  P  the   respective   approxi- 
mations P3sin32  P3 


(R  being  the  number  of  seconds  in  an  arc  equal  to  radius),  and 
if  we  omit  small  quantities  of  an  order  that  may  be  neglected, 
the  above  equation  becomes 


=        ~ 


P3 


\ 

J  sin  Z 


Hence,  putting  P  for  the  result  of  correcting  P  by  the  two 
small  quantities  within  the  brackets,  the  value  of  p  is  finally 
P  sin  z.  After  applying  to  the  normal- centric  Z.  D.  of  centre 
the  corrections  (with  their  proper  signs)  for  semi-diameter  and 
parallax,  the  tabular  apparent  Z.  D.  of  Limb  is  formed,  the 
comparison  of  which  with  the  observed  Z.  D.  (Art.  337)  gives 
the  tabular  error  in  Z.  D.  So  by  comparing  the  calculated 
azimuth  of  Limb  (Art.  339)  with  the  value  deduced  from 
observation  (Arts.  332 — 334),  the  tabular  error  in  azimuth  is 
obtained.  In  order  to  make  a  direct  comparison  of  the  observed 
places  with  the  Lunar  Tables,  the  tabular  errors  in  azimuth  and 
zenith  distance  are  converted  into  errors  in  R.  A.  and  P.  D., 
which  is  done  by  means  of  formulae  analytically  investigated  in 
pages  ex.  and  cxi.  of  the  before-named  Introduction.  In  the 
application  of  these  formulae  several  observations  made  in  the 
course  of  an  evening  may  be  grouped  together,  on  the  assump- 
tion that  in  the  interval  occupied,  the  Moon's  P.  D.  did  not 
vary  much,  and  that  the  tabular  errors  in  R.  A.  and  P.  D.  were 
invariable.  A  Table  of  double  entry  is  appended  to  the  Intro- 
duction of  the  Volume  for  1854,  with  the  arguments  Hour 
•  Angle  and  Polar  Distance,  whereby  the  calculations  made  by 
means  of  the  formulae  are  much  facilitated. 

THE  FIXED  ZENITH  SECTOR. 

343.  The  particular  purpose  to  which  the  Fixed  Zenith 
Sector  is  applied  is,  the  measurement  with  great  accuracy  of 
small  angular  distances  from  the  zenith  on  the  meridian.  In 
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principle  it  is  a  Mural  Circle  adapted  exclusively  to  these 
measures,  and  is  generally  reversible.  Such  an  instrument, 
under  different  forms,  has  long  been  employed  at  Greenwich  in 
observing  zenith  distances  of  the  star  7  Draconis,  for  determining 
the  constants  of  aberration  and  nutation,  that  star  passing  the 
meridian  very  near  the  zenith.  Bradley,  who  first  made  obser- 
vations for  this  purpose,  used  a  mounted  Telescope  of  12|  feet 
focal  length,  with  plumb-line  for  the  vertical  direction,  and  a 
screw-micrometer  with  graduated  head  for  measuring  variations 
of  Z.  D.;  but  the  telescope  was  not  reversible.  (This  instrument, 
which  was  constructed  by  Graham  (1727),  is  represented  in 
Plate  xxvil.  of  Pearson's  Practical  Astronomy,  and  a  model  of  it 
is  shewn  in  my  Astronomical  Lectures.)  Pond  substituted  for 
Bradley's  Zenith  Sector,  one  which  had  a  Telescope  of  25  feet 
focal  length  and  admitted  of  reversion,  of  which  he  gave  an 
account  in  the  Philosophical  Transactions  of  1834  and  1835.  A 
description  of  "The  Great  Zenith  Sector"  is  also  given  in  suc- 
cessive Volumes  of  the  Greenwich  Observations  to  that  for  1847, 
after  which  (in  the  spring  of  1848)  it  was  dismounted,  the 
results  of  the  observations  made  with  it  not  appearing  to  justify 
the  expenditure  of  time  and  trouble  it  demanded.  The  failure 
was  considered  to  be  due  to  its  liability  to  tremors,  and  to 
difference  of  the  effects  of  temperature  at  the  upper  and  lower 
parts  of  an  instrument  of  that  great  length.  Accordingly  the 
present  Astronomer  Royal  has  replaced  Pond's  Zenith  Sector  by 
one  more  compact  as  to  the  arrangement  of  essential  parts,  and 
less  dependent  on  focal  length.  This  instrument  was  constructed 
by  Mr  Simms  in  1851,  and  was  prepared  for  immediate  use  in 
the  autumn  of  that  year.  A  complete  description  of  it  under 
the  name  of  "  The  Keflex  Zenith  Tube,"  with  illustrations  by 
Plates,  forms  Appendix  I.  of  the  Volume  of  Greenwich  Obser- 
vations for  1854.  To  this  description  recourse  must  be  had  for 
the  details  of  the  construction.  For  the  present  purpose  it  will 
suffice  to  state  the  following  particulars. 

344.  The  Zenith  Tube  is  fixed,  and  the  object-glass  is 
carried  by  a  cell  which  is  supported  by  the  Tube,  and  at  the 
same  time  may  be  reversed  in  position  by  being  turned  about 
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the  vertical  through  180°.  At  a  distance  from  the  object-glass 
somewhat  less  than  half  its  focal  length  a  trough  of  mercury, 
independently  supported,  is  placed  so  that  the  rays  from  a  star 
after  passage  through  the  object-glass  and  reflection  at  the  mer- 
cury, are  brought  to  focus  a  little  above  the  object-glass.  (A  special 
mode  of  suspension  of  the  trough  by  the  intervention  of  vulcan- 
ized caoutchouc  is  employed  for  diminishing  tremors  of  the 
mercury.)  The  star  selected  for  observation  at  Greenwich  is 
7  Draconis,  the  mean  north  zenith  distance  of  which  on  Jan.  1, 
1875,  was  about  100".  This  is  small  enough  to  allow  of  the  axis 
of  the  zenith  tube  being  fixed  very  approximately  in  a  vertical 
position.  The  reflected  image  of  the  star  is  formed  beyond 
the  object-glass,  and  is  looked  at  transversely  by  means  of  a 
diagonal  eye-piece,  constructed  nearly  in  the  same  manner  as 
that  described  in  Art.  273.  Naming  the  eye-glass  of  this  eye- 
piece the  first  glass,  and  the  field-glass  the  second  glass,  a  prism 
just  above  the  centre  of  the  object-glass  serves  at  the  same  time 
to  turn  the  pencil  of  rays  through  90°,  and  by  the  curvature  of  the 
vertical  face  to  act  as  third  glass,  the  image  of  the  star  and  the 
wire  for  observation  being  as  usual  seen  in  coincidence  through 
the  fourth  glass.  Between  the  field-glass  and  the  prism  there  is 
a  vacant  space,  occupied  only  by  a  frame  for  carrying  the  eye- 
piece when  moved  by  the  micrometer-head,  in  order  that  the  light 
from  the  star  may  be  as  little  as  possible  intercepted.  The  eye- 
piece is  furnished  with  a  micrometer  and  micrometer-head,  by 
which  means  the  bisection  of  the  star  by  a  micrometer- wire  may 
be  read  off  in  micrometer  revolutions.  The  horizontal  ordinate  of 
the  image  depends  on  the  star's  zenith  distance,  and  the  distance 
of  the  image  from  a  vertical  line  through  the  optical  centre  of 
the  object-glass  will  be  exactly  that  corresponding  to  the  star's 
zenith  distance  with  radius  equal  to  the  focal  length  of  the  object- 
glass.  It  is,  therefore,  required  to  measure  the  horizontal  dis- 
tance of  the  image  from  the  vertical  line  through  the  centre 
of  the  object-glass. 

345.  This  is  done  by  attaching  a  micrometer  to  the  cell 
of  the  object-glass  at  the  distance  at  which  the  star's  image  is 
formed,  and  by  placing  the  diagonal  eye-piece  so  as  to  receive 
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the  pencils  which  have  been  reflected  from  the  mercury  and 
obtain  a  distinct  view  of  the  micrometer  wire.  This  apparatus 
might  be  used  to  measure  the  changes  of  the  star's  zenith 
distance  from  day  to  day  :  but  it  cannot  be  used  to  measure 
the  star's  absolute  zenith  distance,  because  the  vertical  line 
through  the  centre  of  the  object-glass  is  not  discoverable  by 
direct  observation.  The  arrangement  by  which  the  Astronomer 
Eoyal  effects  the  absolute  measurement  is  described  in  page  (iv| 
of  the  above-mentioned  "Description"  in  the  following  terms. 
"  Let  the  micrometer  be  attached  to  and  carried  by  the  cell  of 
the  object-glass,  and  let  the  cell  be  reversible  in  azimuth,  by 
being  turned  horizontally  round  a  vertical  line  parallel  to  that 
which  passes  through  the  centre  of  the  object-glass,  that  is, 
any  vertical  line,  and  let  the  micrometer-wire  be  placed  upon 
the  image  of  the  star,  first,  when  the  object-glass  cell  is  in  a 
certain  original  position,  secondly,  when  the  cell  is  reversed  in 
azimuth ;  then  it  is  evident  that  wherever  the  centre  of  the 
object-glass  may  be,  the  star's  image  is  in  the  two  observations 
formed  at  equal  distances  from  the  vertical  passing  through 
that  point,  and  in  the  same  direction  from  the  vertical  as 
referred  to  the  earth,  or  in  opposite  directions  from  it  as  re- 
ferred to  the  reversible  object-glass-cell.  And  therefore  the 
distance  between  the  positions  of  these  two  images  upon  the 
micrometer-frame  is  double  the  distance  of  either  from  the 
vertical  line,  or  double  the  distance  which  gives  the  means  of 
computing  the  angular  zenith  distance.  Thus  the  practical 
problem  of  measuring  the  star's  zenith  distance  is,  in  its  most 
important  and  fundamental  point,  completely  solved."  It  is, 
however,  necessary  to  satisfy  two  conditions ;  first,  parts  of  the 
micrometer,  such  as  the  appui  of  the  micrometer-screw,  must 
be  so  firmly  connected  with  the  object-glass-cell  as  to  retain 
strictly  the  same  relative  positions  when  the  object-glass-cell 
is  reversed,  which  is  insured  by  the  ordinary  connections  of 
instrument- maker's  work.  Secondly,  the  object-glass  must 
rotate  about  a  vertical  line  so  as  to  preserve  the  same  inclina- 
tion to  it  in  the  reversed  positions  ;  or,  if  it  does  not  preserve 
the  same  inclination,  we  must  have  the  means  of  computing 
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the  effect  of  the  difference  of  inclinations.  The  Astronomer 
Boyal  then  shews  how  each  micrometer-reading  may  be  cor- 
rected for  inclination  of  the  object-glass-cell  by  the  indications 
of  a  spirit-level  attached  to  the  cell. 

34(5.  The  mean  of  the  two  micrometer-readings  in  the 
reversed  positions  of  the  cell  gives  what  may  be  called  "  the 
zenith  point,"  that  is,  the  reading  for  the  vertical  direction 
through  the  centre  of  the  object-glass.  Instead  of  using  the 
zenith  point  given  by  a  single  set  of  observations  in  reverse 
positions  of  the  cell,  it  is  preferable  to  adopt  for  zenith  point 
the  mean  of  a  considerable  number  of  such  determinations,  and 
then  the  measure  of  the  star's  zenith  distance  as  given  by  a 
particular  bisection  is  the  difference  between  the  adopted 
zenith  point  and  the  micrometer-reading  for  the  bisection. 
This  measure  is  in  micrometer  revolutions.  To  convert  it  into 
celestial  arc,  the  diagonal  eye-piece  is  replaced  pro  hdc  vice  by 
one  which  might  be  represented  by  the  figure  in  Art.  273 
turned  upside  down.  This  new  eye-piece  is  furnished  with 
cross-wires  which  by  turning  the  micrometer  may  be  made  to 
bisect  the  series  of  wires  by  which  the  observations  are  made. 
The  intervals  between  the  wires  are  thus  determined  in  micro- 
meter revolutions.  To  obtain  them  in  celestial  arc  the  cell 
is  turned  through  90°,  and  transits  of  7  Draconis  across  all  the 
wires  are  taken  with  the  new  eye-piece  (without  the  cross- 
wires),  and  hence  the  intervals  in  arc  may  be  computed,  and 
by  comparison  of  the  resulting  values  with  those  expressed  in 
terms  of  micrometer  revolutions,  the  value  in  arc  of  one  division 
of  the  micrometer  is  found. 

By  continuing  such  measures  of  the  zenith  distance  of 
7  Draconis  through  a  whole  year,  and  through  a  succession  of 
years,  the  constants  of  aberration  and  nutation  are  obtainable 
with  great  precision  by  the  method  of  computation  first  practi- 
cally applied  by  Bradley. 

THE  TRANSIT  IN  THE  PRIME  VERTICAL. 

347.  The  foregoing  method  of  ascertaining  the  constants 
of  aberration  and  nutation  is  plainly  of  a  local  character  de- 


334  PRACTICAL  ASTRONOMY. 

pending  on  the  small  difference  between  the  polar  distance  of 
7  Draconis  and  the  co-latitude  of  the  Greenwich  Observatory. 
It  will,  therefore,  be  required  to  describe  another  of  more 
general  application.  With  this  view  I  have  selected  the 
method  adopted  by  Professor  F.  G.  W.  Struve  at  the  Imperial 
Observatory  of  Poulkova,  which  depends  on  observations  made 
with  a  transit-instrument  in  the  Prime  Vertical.  A  description 
in  detail  of  the  large  instrument  constructed  by  Kepsold  for 
this  purpose  is  given  in  the  Bulletin  of  the  Imperial  Academy 
of  St  Petersbourg,  Tome  x.  No.  14 — 16,  and  also  in  the  Astro- 
nomische  Nachrichten,  Nos.  468,  &c.  Respecting  the  process 
of  using  this  fine  instrument  for  effecting  the  required  deter- 
minations it  will  suffice  for  my  purpose  to  make  the  following 
statements. 

348.  The  Telescope  is  attached  transversely  at  its  middle  to 
one  end  of  a  horizontal  axis  of  revolution,  and  is  counterpoised 
by  a  weight  at  the  other  end.     The  position  of  the  axis,  as 
respects  its  deviation  from  horizontality,  is  ascertained  by  means 
of  a  spirit-level  of  great  sensibility,  (see  the  note  to  Art.  67, 
p.   57),  which  is   permanently  fixed   to   the  axis.     The   plane 
of  collimation  of  the  Telescope   is   adjusted,  so   as   to   be   as 
nearly   as  possible   in  the   plane   of  the   prime   vertical,   and 
consequently  the  wires  at   which  the   transits  are   taken,  are 
perpendicular  to  the  plane  of  the  meridian  when  the  Telescope 
is  pointed  to  the  Zenith.     The  polar  distance  of  any  star  used 
for  taking  the  transits  exceeds  by  only  a  small  arc  the  colatitude 
of  the  Observatory,  so  that  its  path  in  the  field  of  the  Telescope 
is  very  oblique  relatively  to  the  wires,  and  the  interval  between 
its  transit  across  any  one  wire  and  the  next  is  considerable  (in 
one  of  Struve's  instances,  44').  These  arrangements  being  under- 
stood, we   may   proceed  to   the  explanation  of  the  process  of 
observation  by  which  the  instrument  effects  its  intended  purpose. 

349.  In  Figure  54  let  P  be  the  North  Pole  of  the  heavens,  Z 
the  zenith  of  the  place  of  observation,  PZ  the  colatitude,  SoS' 
a  portion  of  the  diurnal  path  of  the  star,  cutting  the  prime 
vertical  in  S  and  $'.     Let  $  be  the  place  of  the  first  transit  of 
the   star   across  the   prime   vertical,    where,    consequently,   it 
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passes  from  the  north  side  to  the  south 
side.  In  the  field  of  view  there  are  seven 
wires  parallel  to  the  plane  of  collimation, 
and  so  placed  (regard  being  had  to  in- 
version by  the  Telescope)  that  the  image 
of  the  star  crosses  them  in  the  order  from  i.  to  VII.,  before  it 
crosses  the  plane  of  collimation ;  the  seventh  being  at  a  con- 
venient small  distance  from  that  plane.  By  shifting  the  Tele- 
scope about  the  axis  of  revolution  the  star  is  made  to  cross  the 
wires  at  their  middle  points.  Quickly  after  the  transit  across  the 
seventh  wire  the  instrument  is  lifted  from  its  bearings  and  the 
position  of  the  Telescope  is  reversed,  say,  from  southward  to 
northward.  By  this  operation  the  set  of  wires  is  transferred  to 
the  opposite  side  of  the  plane  of  collimation,  and  the  star,  pursu- 
ing its  course,  crosses  them  again,  but  in  the  order  from  vii.  to  I. 
The  Telescope  retaining  its  position,  the  second  transit  across  the 
prime  vertical  (that  at  S')  is  observed  in  the  same  manner  as 
the  first,  the  order  in  which  the  star's  image  crosses  the  wires 
before  crossing  the  plane  of  collimation  being  from  I.  to  vii., 
because  the  direction  of  crossing  is  now  from  the  south  to 
the  north  side  of  the  prime  vertical.  After  recording  the  transits 
at  the  seven  wires,  the  instrument  is  again  quickly  reversed, 
and  the  transits  are  taken  in  the  order  from  vii.  to  I.  The 
spirit-level  is  read  before  and  after  each  reversion  for  calculating 
corrections  for  displacement  of  the  axis  from  the  horizontal 
direction.  It  thus  appears  that  transits  of  the  star  are  taken 
at  each  wire  in  both  sets  of  transits,  both  before  and  after  passing 
the  prime  vertical.  The  apparatus  devised  by  Repsold  for 
lifting  the  instrument  from  its  supports  and  reversing  the 
axis  end  for  end,  gives  the  means  of  performing  the  operation 
within  the  considerable  interval  allowed  by  the  oblique  move- 
ment of  the  star1. 

350.     The  mean  of  the  two  times  of  transit  of  a  given  wire 
in  the  first  set  of  transits,  is  the  time  of  its  transit  across  the 

1  In  Struve's  Description  of  the  Central  Astronomical  Observatory  of 
Poulkova  (St  Petersbourg,  1845),  in  page  178,  an  example  is  given  in  detail  of 
the  record  of  an  observation  such  as  that  here  explained. 
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prime  vertical  at  S,  and  similarly  the  mean  of  the  two  transit- 
times  of  the  same  wire  in  the  second  set,  is  the  time  of  its  transit 
at  $.  The  excess  of  the  latter  time  above  the  other  gives  the 
angle  SPS'.  The  transits  at  each  of  the  other  wires  in  like 
manner  give  a  value  of  the  same  angle,  and  by  the  mean  of 
all  the  values  the  angle  is  determined  with  great  precision. 
The  result  is  not  sensibly  affected  by  refraction,  and  it  is  con- 
sidered that  errors  arising  from  want  of  exact  adjustment  of  the 
axis  of  revolution,  and  other  incidental  causes,  are  very  approxi- 
mately eliminated  by  the  process  of  observing  in  reverse  positions 
of  the  Telescope.  By  the  spherical  triangle  SPZ, 


Hence  since  PZ  is  constant, 


By  means  of  this  formula  the  variation  S  .  PS  of  the  star's  P.D. 
due  to  aberration  and  nutation  may  be  derived  from  the  ob- 
served values  of  S  .  SPS',  and  consequently  the  required  con- 
stants be  inferred  from  continuous  series  of  such  observations, 
as  already  indicated  (Art.  346).  The  observational  means  above 
described  are  those  specially  employed  by  W.  Struve  for  deter- 
mining the  constant  of  aberration,  20'',4451,  cited  in  Art.  143 
(3),  p.  135. 

351.  As  a  corollary  to  the  preceding  results  it  may  be 
stated  that  the  sum  of  all  the  times  of  transit  of  the  star  divided 
by  14,  half  their  number,  gives  with  great  exactness  the  time 
of  its  transit  across  the  meridian.  Hence  the  difference  between 
this  time  and  that  of  transit  at  S  obtained  as  above  shewn,  is 
the  angle  SPZ,  from  which,  and  PS,  the  P.D.  of  the  star, 
supposed  to  be  known,  PZ  the  colatitude  of  the  place  of 
observation  may  be  computed  from  the  right-angled  triangle 
SPZ.  Similarly  PZ  may  be  obtained  from  the  triangle  S'PZ, 
and  the  mean  of  the  two  results  may  be  regarded  as  the  most 
trustworthy  determination  of  the  colatitude  derivable  from  one 
set  of  observations  made  with  the  given  star.  By  employing  in 
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like  manner  repeated  observations  of  several  known  stars,  a  final 
result  of  great  certainty  might  be  arrived  at.  This  is  in 
principle  Bessel's  method  of  determining  the  latitude  of  an 
observatory  by  means  of  a  transit-instrument  set  up  in  the 
prime  vertical. 


I  have  now  gone  through,  with,  I  think,  as  much  completeness 
as  was  required  by  the  character  of  this  publication,  the  descrip- 
tions of  the  fixed  instruments  of  a  fixed  observatory,  and 
the  processes  of  using  them  for  astronomical  determinations. 
What  is  effected  by  such  means  may  be  generally  stated  to 
^fundamental  with  respect  to  the  purposes  to  which  Practical 
Astronomy  is  applied  in  the  use  of  transportable  instruments, 
such  as  those  I  am  now  about  to  treat  of.  Having  already 
several  times  adverted  to  the  science  as  being  essentially  logical 
with  respect  to  the  relation  of  its  different  parts  (see,  for  instance, 
Arts.  10,  102,  and  137),  I  take  occasion  to  remark  here  that 
wherever  in  the  subsequent  portion  of  the  work,  places  of  stars, 
or  the  places  and  apparent  magnitudes  at  given  times,  of  the 
Sun,  Moon,  and  planets,  are  cited  as  known,  it  is  to  be  under- 
stood that  the  data  are  inferred,  either  directly  or  by  com- 
putation, from  observations  made  according  to  methods  de- 
scribed in  the  antecedent  portion. 

OBSERVATIONS  WITH  TRANSPORTABLE  INSTRUMENTS. 

352.  Ramsden's  Zenith  Sector.  This  instrument,  constructed 
for  use  in  the  Trigonometrical  Survey  of  England  and  Wales, 
was  applied  from  the  beginning  of  the  Survey  to  1836,  in 
measuring  by  means  of  a  plumb-line  the  meridian  zenith 
distances  of  stars  culminating  near  the  zenith  of  each  place  at 
which  it  was  temporarily  set  up,  the  purpose  being  to  compare 
the  difference  of  the  astronomical  latitudes  of  two  places  on  a 
given  meridian  with  the  difference  as  inferred  from  actual 
measurement  on  the  earth's  surface,  and  from  theoretical  com- 
putation based  on  an  assumed  figure  of  the  earth.  Data  were 
c.  22 
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thus  obtained  for  testing,  or  correcting,  the  constants  adopted  in 
the  theoretical  calculation.  It  was  also  used  for  determining 
the  latitudes  of  certain  stations  fixed  upon  in  the  course  of  the 
triangulation1. 

353.  Airy's  Zenith  Sector.  This  name  is  given  to  an 
instrument  the  design,  and  superintendence  of  the  construction 
of  which,  were  undertaken  by  the  Astronomer  Royal  in  con- 
sequence of  an  application  from  Col.  Colby,  superintendent  of 
the  Ordnance  Survey  of  Great  Britain  and  Ireland,  who  desired 
to  replace  Ramsden's  Zenith  Sector  by  a  new  and  more  per- 
fect instrument.  In  the  "Account  of  the  Ordnance  Survey, "N 
published  in  1858  by  Leiut.-Col.  H.  James,  the  principles 
involved  in  the  construction  of  "Airy's  Zenith  Sector"  are 
thus  stated  in  page  57  :  "  The  first  principle  was  the  arrange- 
ment for  making  successive  observations  in  two  positions  of 
the  instrument,  face  east  and  face  west,  at  the  same  transit. 
The  second  principle  was  the  substitution  of  a  level  or  system 
of  levels  for  the  usual  plumb-line.  The  third  principle  was 
the  casting  in  one  piece,  as  far  as  practicable,  of  each  of  the 
different  parts  of  the  instrument,  in  order  to  avoid  the  great 
number  of  screws  and  fastenings  with  which  most  instruments 
are  hampered,  and  to  secure,  if  possible,  perfect  rigidity."  The 
inferences  of  latitude  from  the  observations  of  zenith  distance 
are  all  made  by  the  intervention  of  known  stars 2. 

(Examples  of  the  Transportable  Instruments  that  remain 
to  be  described  are  exhibited  in  the  Lecture-Room,  with  the 
exception  of  the  Altazimuth,  the  principle  of  which  is  included 
in  the  construction  of  the  Theodolite.) 

354.     The  portable  Altazimuth  Instrument     Like  the  fixed 

1  An  account  of  Ramsden's  Zenith  Sector  and  the  mode  of  using  it  is  given 
in  pp.  533 — 546  of  Pearson's  Practical  Astronomy,  illustrated  by  Figures  in 
Plates  XXVI.  and  XXVII.,  exhibiting  its  component  parts,  and  the  instrument 
as  a  whole. 

2  In  his  work  entitled  On  the  Theory  of  Errors  of  Observations  and  the  Com- 
bination of  Observations  (Macmillan  and  Co.,  1875),  Mr  Airy  has  laid  down 
principles  for  calculating  the  probable  errors  of  the  results  obtained  in  Trigono- 
metrical Surveys  by  observations  made  with  the  Theodolite  and  the  Zenith 
Sector.     See  particularly  instances  in  Sections  12  and  15. 
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Altazimuth,  this  instrument  is  furnished  with  graduated 
altitude  and  azimuth  circles,  but  it  suffices  for  the  purpose 
to  which  it  is  applied  to  read  off  the  graduation  by  Verniers. 
It  is  supported  by  a  tripod  stand,  and  the  height  of  each 
foot  is  adjustible  by  a  screw.  The  principal  adjustment  is 
that  of  the  axis  of  revolution  to  vertically,  which  by  means 
of  two  spirit-levels  fixed  to  the  supporting  frame  in  rectangular 
directions  and  having  marks  for  the  mid-positions  of  the  bubbles, 
is  effected  in  the  following  manner.  The  adjusting  screws  being 
supposed  to  rest  on  a  firm  basis,  the  instrument  is  turned  about 
its  axis  till  the  direction  of  the  axis  of  figure  of  one  of  the 
levels  is  parallel,  as  nearly  as  may  be  estimated  by  sight,  to 
the  line  joining  two  of  the  feet.  The  bubble  of  that  level  is 
then  adjusted  to  mid-position  by  turning  either  a  screw  of  one 
of  the  two  feet  or  the  screws  of  both.  The  screw  of  the  third 
foot  is  then  turned  till  the  bubble  of  the  other  level  is  in 
mid -position.  This  completes  the  adjustment.  A  first  trial, 
ought,  however,  to  be  tested  by  turning  the  instrument  quite 
round  to  see  whether  the  bubbles  retain  their~positions  ;  for 
if  they  do  not  a  fresh  adjustment  has  to  be  made.  The  axis 
of  the  altitude-circle  may  be  supposed  to  be  sufficiently  adjusted 
by  the  instrument  maker  so  as  to  be  perpendicular  to  the  axis 
of  revolution.  The  field  of  the  Telescope  has  vertical  wires 
and  a  transverse  wire  which,  after  the  adjustment  of  the  vertical 
axis,  is  readily  adjusted  to  horizontality  by  a  fixed  land-mark. 
The  error  of  collimation  of  the  intersection  of  the  middle 
vertical  wire  and  the  horizontal  wire  may  be  corrected  in  the 
usual  way  by  a  mark,  with  reversion  by  means  of  the  azimuth 
movement.  Instead  of  vertical  wires,  there  might  be  two 
wires  crossing  each  other  and  the  horizontal  wire  at  the  middle 
of  the  field. 

355.  After  these  arrangements  the  use  of  a  portable  alt- 
azimuth has  the  particular  advantage  of  requiring,  for  finding 
the  time  of  day  and  latitude  of  a  place  in  an  unknown  territory, 
no  other  instrumental  adjustment  than  that  of  the  axis  of 
revolution  to  vertical ity  in  the  manner  above  stated.  This 
adjustment  being  made,  suppose  a  known  star,  or  the  N.  or 

22—2 
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S.  limb  of  the  Sun,  to  be  bisected  before  culmination,  by  the 
horizontal  wire  where  it  intersects  the  mid-wire  or  the  cross 
of  wires,  the  Telescope  being  previously  clamped  to  the  altitude- 
circle,  and  the  bisection  being  effected  by  the  azimuth  move- 
ment. The  chronometer-time  of  bisection  having  been  recorded, 
and  the  Telescope  remaining  clamped,  let  the  time  of  bisection  of 
the  same  object  after  culmination  be  similarly  noted.  When  the 
object  is  a  star  the  mean  of  the  two  times  is  the  chronometer- 
time  of  its  transit  across  the  meridian.  Also  if  the  azimuth-circle 
be  read  for  the  two  positions,  the  mean  of  the  two  readings 
is  the  azimuth-reading  for  meridian.  Hence,  supposing  the 
observer  to  be  provided  with  a  sidereal  chronometer  and  the 
Nautical  Almanac  for  the  year,  a  portable  altazimuth  might 
be  employed,  in  the  same  manner  as  a  transit-instrument  in  the 
meridian,  for  rating  the  chronometer  by  means  of  stars,  and  for 
determining  local  sidereal  time  and  local  mean  time.  Again, 
after  correcting  the  index  error  of  the  altitude-circle  by  means, 
for  instance,  of  its  readings  for  bisections  of  a  land-mark 
in  reverse  azimuths,  if  the  instrument  be  then  set  to  the 
meridian  according  to  a  previous  determination  of  the  meridian 
azimuth-reading,  the  meridian  altitude  of  some  known  star 
might  be  observed,  and  thence,  after  correcting  for  refraction,  the 
latitude  of  the  place  of  observation  be  inferred.  Lastly,  if  the 
observer  is  able  to  ascertain,  by  any  of  the  processes  which  will  be 
explained  in  the  next  Division,  the  Greenwich  mean  time  contem- 
poraneous with  any  local  mean  time  obtained  by  the  in- 
strument, the  difference  of  the  two  times  gives  the  longitude  of 
the  place.  Thus  the  portable  altazimuth  is  a  very  serviceable 
instrument  for  enabling  a  voyager  after  landing  on  any  coast, 
or  an  inland  explorer,  to  make  approximate  geographical  deter- 
minations of  unknown  localities. 

356.  After  rinding  the  azimuth-reading  for  meridian  by- 
observing,  as  above  stated,  equal  altitudes  of  a  star,  or  rather 
after  obtaining  the  mean  of  several  such  determinations,  and 
thereby  placing  the  plane  of  collimation  in  the  plane  of  the 
meridian,  the  chronometer-time  of  apparent  noon  may  be  inferred 
by  observing  a  transit  of  the  Sun.  This  determination  is,  how- 
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ever,  often  made  by  noting  the  times  of  bisections  of  the  Sun's 
N.  or  S.  limb  at  equal  altitudes  before  and  after  culmination,  in 
which  case  a  correction  is  required  for  change  of  the  Sun's  P.D. 
in  the  interval  between  the  bisections.  The  correction  may  be 
calculated  as  follows,  supposing  the  azimuth  readings  to  be  taken 
at  the  two  bisections,  and  the  latitude  to  be  known  by  the  process 
explained  in  Art.  355.  Supposing  P  to  be  the  North  Pole  of 
the  heavens,  Z  the  zenith  of  the  place  of  observation,  and  $ 
the  place  of  the  bisected  limb,  let  PZ=  X,  ZS  =  z,  PS  =  S,  and 
the  hour  angle  ZPS  west  of  the  meridian  =  h.  Then  we  have 
to  find  the  change  A/z,  of  hour  angle  corresponding  to  the  change 
AS  of  the  P.D.  of  the  bisected  point  in  the  interval  from  the 
first  to  the  second  bisection.  Putting  $  for  the  angle  PSZ,  it 
may  be  readily  seen  from  the  small  variations  of  h  and  8,  z  and 
X  being  constant,  that 

, cosec  8 


=  -  AS  cot 


15 


in  which  expression  AS  may  be  supposed  to  be  obtainable  from 
the  Nautical  Almanac ;  but  S  and  S  have  to  be  determined. 
Now  if  A  =  the  angle  PZS,  or  the  difference  between  the 
azimuth-reading  for  meridian  and  that  for  the  second  bisection, 
we  have  by  the  spherical  triangle  PZS, 

~          sin  h  .     ~     sin  h  sin  \ 

cosec  o  =  —. ; — j ,        sin  S  = : , 

sin  zsmA  sin  z 

in  which  equations,  without  sensible  error,  h  maybe  taken  equal 
to  the  excess  of  the  noted  time  of  the  second  bisection  above 
the  mean  of  the  two  times,  and  A  equal  to  the  difference 
between  the  second  azimuth  and  the  mean  of  the  two  azimuths. 
Thus  cosec  S  and  S  may  be  calculated  from  observed  quantities, 
and  the  value  of  A/z,  be  obtained  from  the  foregoing  formula. 
The  correction  to  be  applied  to  the  time  of  the  second  bisection 
is  — A/&,  and  the  mean  between  the  corrected  value  and  the 
time  of  the  first  bisection  is  the  chronometer-time  of  apparent 
noon.  (The  correction  for  difference  of  the  refractions  at  the 
two  positions  is  too  small  to  be  worth  taking  into  account.) 
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The  correction  —  A/t  has  the  same  sign  as  AS,  if  S  be  less  than 
90°,  and  consequently  is  positive  or  negative  according  as  the 
Sun's  P.D.  is  increasing  or  decreasing.  The  opposite  signs  would 
apply  if  8  should  be  greater  than  90°. 

357.  The  portable  Transit-instrument1.  The  parts,  mode  of 
mounting,  and  adjustments,  of  this  instrument,  being  like  those 
of  the  fixed  Transit,  need  not  be  described  in  detail.  It  will 
suffice  to  mention  the  following  particulars  respecting  an  ex- 
ample (exhibited)  of  Troughton's  construction,  The  pivots 
rest  in  Ys  supported  by  two  standards  firmly  attached  to  a 
brass  circular  ring,  which  has  three  feet  adjustable  as  to  height 
by  screws,  and  requiring  to  be  placed  in  contact  with  a  solid 
horizontal  basis.  One  of  the  screws  is  vertically  below  one  of 
the  Ys,  and  is  used  for  the  level-adjustment,  the  azimuth- 
adjustment  being  performed  by  a  horizontal  screw-movement 
of  the  other  Y.  The  other  two  screws  are  so  placed  that  a 
line  joining  the  feet  is  approximately  in  a  direction  parallel  to 
the  telescope's  plane  of  collimation.  The  setting-circle,  which 
is  graduated  for  indication  of  altitude,  is  fixed  to  one  end 
of  the  axis  of  revolution,  with  which,  consequently,  it  revolves 
and  is  reversed,  the  support  of  a  lamp  at  the  other  end  for 
illumination  of  the  field  of  view  being  also  reversible.  The 
indications  of  the  setting-circle  are  read  by  a  double  vernier, 
having  an  attached  tongue  whereby  it  may  be  adjusted  and 
clamped,  the  tongue  being  acted  upon  by  one  of  two  sets  of 
opposing  screws  fixed  to  the  standards.  Index  error  may  be 
got  rid  of  by  pointing  the  Telescope  to  a  star  of  known  altitude, 
and  then  adjusting  the  vernier-reading  to  this  altitude  as  altered 
by  refraction.  After  this  correction  the  bubble  of  a  spirit-level 
attached  to  the  vernier  should  be  put  in  mid-position,  in  order 
to  give  the  means  of  adjusting  the  vernier  by  the  tongue 
after  a  reversion,  so  as  to  be  again  free  from  index  error. 

358.     The  adjustments   of  the   plane  of  collimation   of  a 
portable  Transit, 'required  to  be  set  up  in  an  unknown  locality, 

1  A  full  description  of  this  instrument  as  constructed  by  Trougliton  (illus- 
trated by  a  Figure),  and  of  its  adjustments  and  uses,  is  given  in  Simms's 
Treatise  on  Mathematical  Instruments,  &c.,"  8th  edition,  pp.  68 — 92. 
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may  be  performed  as  follows.  The  error  of  collimation  of  the 
middle  wire  might  be  corrected  by  bisections  of  any  suitable 
fixed  point  (such  as  a  bright  point  seen  by  reflection  of  sun- 
light from  a  convex  glass  surface),  and  by  reversing  the  instru- 
ment. This  correction  is  usually  made  by  the  instrument-maker. 
Before  correcting  the  errors  of  level  and  azimuth,  the  plane 
of  collimation  has  to  be  placed  approximately  in  the  plane 
of  the- meridian.  This  could  be  done  by  employing  a  portable 
altazimuth  for  drawing  a  meridian  line  by  observations  of  equal 
altitudes  of  a  star  (Art  355),  or,  in  default  of  such  means,  the 
process  described  in  Art.  10  might  be  adopted.  The  axis  of 
motion  may  then  be  adjusted  to  horizontally  by  applying 
the  feet  of  a  corrected  striding  spirit-level  to  the  pivots,  and 
turning  the  foot-screw  for -level-adjustment  (mentioned  in  Art. 
357),  to  put  the  bubble  in  mid-position.  The  adjustment  to 
the  meridian  may  then  be  effected  by  transits  of  a  circumpolar 
star  in  the  manner  indicated  in  Arts.  88  and  89.  Supposing 
that,  after  making  one  such  adjustment,  it  should  be  required 
to  place  the  instrument  repeatedly  in  the  same  position, 
this  may  be  conveniently  done  by  means  of  the  following 
expedient.  The  screw  for  level-adjustment,  terminating  in  a 
rounded  surface,  is  applied  to  a  horizontal  plane  surface,  while 
the  other  two  screws  have  pointed  feet,  which  fall  into  an 
angular  groove  cut  in  the  direction  of  the  line  joining  their 
extremities  after  the  initial  adjustment  has  been  completed. 
Thus  the  instrument  may,  at  least  approximately,  be  placed 
in  the  adjusted  position.  A  more  exact  adjustment,  if  thought 
good,  might  then  be  made  by  the  usual  process. 

359.  The  portable  transit  is  principally  used  for  rating 
chronometers  by  means  of  transits  of  known  stars,  and  for 
calculating  local  sidereal  time  and  local  mean  time.  In  many 
cases,  determinations  of  these  quantities  such  as  may  be  obtained 
by  a  portable  transit  having  a  telescope  of  twenty  inches  focal 
length,  are  sufficiently  approximate.  But  certain  observations, 
for  instance  some  that  are  available  for  calculating  solar  parallax 
from  a  Transit  of  Venus,  require  to  be  accompanied  by  a 
determination  of  local  time  with  the  precision  that  can  only 
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be  attained  by  stable  mounting  of  transported  transit-instruments 
of  considerable  size. 

360.  The  Theodolite.  Figure  55  represents  a  Theodolite 
made  for  me  by  Mr  J.  Simms  for  exhibition  to  the  class  in 
my  lecture-room.  Excepting  in  being  smaller,  it  differs  very 
little  from  the  instruments  furnished  by  Troughton  and  Simms 
for  the  Great  Trigonometrical  Survey  of  India.  In  principle 
it  is  a  portable  Altazimuth  and  a  portable  Transit  combined, 
and  accordingly  what  has  been  said  in  Arts.  354 — 359  respecting 
the  parts  and  adjustments  of  those  two  instruments  applies 
in  great  measure  to  the  Theodolite.  As  shewn  in  the  Figure, 
A  is  the  object-end  and  E  the  eye-end  of  the  Telescope.  At 
the  focus  of  the  object-glass  there  is  a  system  of  wires  consisting 
of  two  vertical  wires,  one  on  each  side  of  the  plane  of  collimation, 
two  wires  equally  inclined  to  it  and  intersecting  at  an  acute  angle 
at  the  centre  of  the  field,  and  a  horizontal  wire  passing  through 
the  point  of  intersection.  For  fixing  the  position  of  the  wire- 
frame, and  correcting  error  of  collimation,  two  sets  of  antagonist 
screws  with  capstan  heads  are  placed  in  the  position  indicated 
by  it  one  for  vertical,  and  the  other  for  horizontal,  movement. 
By  turning  a  milled  head  projecting  from  the  telescope-tube 
near  the  object-end  (not  seen  in  the  figure),  the  distance  of 
the  object-glass  from  the  wire  frame  may  be  regulated  so  that 
the  image  of  a  land-object  can  be  seen  distinctly  with  the  eye- 
piece at  the  same  time  as  the  wires.  The  mounting  of  the 
Telescope  on  the  supporting  frame  is  the  same  as  that  of  a 
transit-instrument,  one  of  the  pivots  resting  in  its  Y  being 
shewn  at  e.  The  two  screws  g  g  hold  down  a  plate,  which  is 
moveable  about  the  one  with  capstan-head  on  the  left  hand, 
when  both  are  unscrewed.  After  unscrewing  them  the  plate 
can  be  turned  aside,  and  a  like  operation  having  been  performed 
with  respect  to  the  other  pivot,  the  instrument  can  be  lifted 
from  the  Ys  for  reversing  it.  The  capstan-headed  screw  between 
the  two  screws  g  has  a  piece  of  cork  at  its  lower  end,  and  is 
made  to  press  on  the  pivot  for  keeping  it  in  position.  The 
vertical  circle  dd  is  graduated  for  reading  off  altitude  by  means 
of  a  double  vernier  vv,  the  position  of  which  relative  to  the 
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Fig.  55. 
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graduation  is  adjusted  and  fixed  by  the  action  of  antagonist 
screws  (one  of  which  is  seen  at  z)  on  a  projection  from  the 
frame,  the  screws  moving  a  vertical  tongue  rigidly  connected 
with  the  vernier  and  tapped  for  the  action  of  the  screws.  The 
graduation  is  from  0°  to  90°  in  the  same  direction  in  each  of  the 
four  quadrants,  both  indices  pointing  to  0°  when  the  telescope  is 
horizontal.  Slow  motion  is  produced  by  the  tangent-screw  and 
clamp  at  b.  The  azimuth  circular  plate  aa  is  graduated  from 
0°  to  360°  on  a  chamfered  edge.  Above  this  is  another  circular 
plate  opposite  portions  of  which  directly  below  the  pivots,  as 
shewn  at  t,  have  chamfered  edges,  and  are  graduated  to  serve 
for  indices  and  verniers,  the  graduation  of  the  lower  plate  being 
read  off  by  the  microscope  k  and  an  opposite  one.  The  vertical 
and  azimuthal  circles  are  both  graduated  to  a  third  of  a  degree, 
and  by  the  microscopes  and  verniers  can  be  read  off  to  20".  The 
two  above-mentioned  plates  have  conical  axes  one  within  the 
other,  the  outer  one  represented  by  6r,  being  a  hollow  cone  fixed 
to  the  azimuth  plate  and  the  inner  one  fixed  to  the  upper  plate, 
turning  smoothly  within  the  other.  The  two  axles  are  held 
together  by  a  screw  and  circular  plate  H  fixed  to  the  lower  end 
of  the  interior  one.  The  vernier  plate  and  all  the  parts  of  the 
instrument  above  the  azimuth  plate  turn  with  that  inner  axle, 
and  may  either  be  moved  by  hand  through  large  angles,  or 
partake  of  slow  motion  by  means  of  the  tangent-screw  and  clamp 
at  ra.  Also  after  turning  the  Candle  o,  so  as  to  tighten  the 
collar  about  the  axle  G,  slow  motion  of  rotation  may  be  given  to 
all  parts  of  the  instrument  in  common  by  means  of  the  screw  p, 
which  works  in  a  tapped  projection  from  the  collar  (not  seen  in 
the  Figure). 

361.  Such  being  the  description  of  the  parts  of  a  Theodo- 
lite, it  is  next  required  to  give  an  account  of  its  adjustments. 
It  will,  at  first,  be  supposed  that  its  three  feet  s,  s,  s  rest  on  a 
firm  plane  approximately  horizontal,  the  usual  means  of  support 
by  a  tripartite  staff  being  considered  afterwards.  The  first 
adjustment  is  to  set  the  common  axis  of  revolution  so  as  to 
be  exactly  vertical ;  which,  after  unclamping  m  and  o,  is  effect- 
ed by  means  of  two  corrected  levels  with  marks,  attached  in 
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rectangular  directions  to  the  supporting  frame,  in  positions 
indicated  by  the  letters  c,  c.  The  adjusting  screws  are  q,  q,  q, 
by  which,  and  by  the  three  legs  when  used,  the  azimuth  plate  is 
first  placed  horizontally  as  nearly  as  the  eye  can  judge.  The 
exact  adjustment  is  then  made  by  placing  the  axis  of  figure  of 
one  of  the  levels  in  a  position  judged  to  be  parallel  to  the  line 
joining  two  of  the  feet  of  the  screws,  putting  the  bubble  of  that 
level  in  mid-position  by  means  of  one  or  both  these  screws,  and 
finally  putting  the  bubble  of  the  other  level  in  mid-position  by 
the  third  screw.  The  accuracy  of  the  adjustment  should  always 
be  tested  by  turning  the  instrument  quite  round  to  see  whether 
the  bubbles  retain  their  positions  with  so  much  exactness  as  to 
shew  that  a  fresh  adjustment  is  not  required.  (See  what  is 
said  respecting  this  adjustment  in  Art.  354.)  After  the  fore- 
going process,  the  axle  G  should  be  clamped  by  the  handle  o, 
and  it  is  then  advisable  to  repeat  the  operation  by  turning 
independently  the  parts  connected  with  the  vernier  plate. 
Next,  the  error  of  collimation  of  the  cross  of  wires  is  to  be 
corrected  in  the  usual  way  by  a  fixed  horizontal  mark,  and 
reversing  the  horizontal  axis  end  for  end.  The  resulting  plane 
of  collimation  being  supposed,  at  present,  to  be  exactly  vertical, 
let  a  fixed  horizontal  mark  be  bisected  by  the  horizontal  wire  at 
the  intersection  of  the  cross-wires,  and  the  altitude-circle  be 
read  off  by  the  verniers  v,  v.  Then  if  the  same  process  be  gone 
through  after  reversing  the  telescope  by  the  azimuth  movement, 
the  mean  between  the  two  readings  gives  the  reading  for  the 
direction  of  the  vertical  axis  ;  and  if  it  be  desired  that  this 
direction  should  be  indicated  by  90°,  an  index  error  has  to  be 
corrected  equal  to  the  excess  of  that  mean  reading  above  90°. 
This  correction  is  effected  by  means  of  the  screw  z,  which 
regulates  the  position  of  the  verniers  on  the  limb  of  the  circle. 
After  correcting  the  index  error,  if  the  vernier  readings  be  set 
to  0°,  the  line  of  collimation  of  the  telescope  will  point  horizon- 
tally. In  that  case  the  large  level  L,  which  has  its  axis  of 
figure  parallel  to  the  axis  of  the  telescope,  is  to  be  adjusted 
by  putting  and  fixing  the  bubble  in  mid-position  by  means  of 
the  two  capstan-headed  screws  at  h.  Afterwards  by  means  of 
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this  level  the  telescope   can  be  pointed  horizontally  in  any 
azimuth. 

362.  It  is  here  to  be  remarked  that  the  foregoing  adjust- 
ments will  not  be  affected  if  the  plane  of  collimation,  instead  of 
being  vertical  as  above  supposed,  be  inclined  by  a  small  angle 
from  the  vertical  direction  in  consequence  of  a  small  deviation 
of  the  axis  of  motion  of  the  telescope  from  horizontality.  It  is, 
however,  necessary  that  that  axis  should  be  exactly  horizontal, 
and  the  deviation  has  consequently  to  be  corrected ;  which  may 
be  done  as  follows.  Bisect  with  the  cross  of  wires  some  well- 
defined  distant  point  near  the  horizon,  and  record  the  azimuth 
readings  of  the  two  verniers.  Then  by  horizontal  rotation  of 
the  instrument  set  the  vernier  readings  at  exactly  180°  from  the 
former  positions.  If  the  transverse  axis  be  exactly  horizontal, 
the  same  distant  point  will  be  bisected  by  the  cross  of  wires 
after  this  reversion.  But  if  it  deviates  from  horizontality  by 
the  small  angle  9,  its  new  position  will  make  an  angle  26  with 
the  first,  and  the  plane  of  collimation  will  cut  the  horizon  at 
some  point  different  from  that  originally  bisected.  Half  the 
distance  between  the  two  points  is  to  be  corrected  by  means  of 
the  two  capstan-headed  screws  //,  whereby  the  end  e  of  the 
axis  is  moved  and  fixed.  The  axis  will  then  be  adjusted  so  as 
to  be,  at  least  approximately,  horizontal.  For  greater  certainty 
the  operation  should  be  repeated ;  after  which  the  index  error 
of  the  azimuth  circle  may  be  corrected  by  the  following 
process. 

363.  Below  the  telescope  there  is  a  compass-needle  nn, 
which  may  be  clamped  by  turning  a  small  exterior  handle,  and, 
after  adjusting  the  vertical  axis,  be  undamped  and  allowed  free 
suspension,  as  occasion  requires.  The  compass-card,  which 
rotates  with  the  telescope,  is  so  placed  that  the  plane  of  colli- 
mation passes  nearly  through  its  N.  and  S.  points.  Hence  at  a 
locality  where  the  magnetic  declination  is  known,  the  plane  of 
collimation  can  be  at  once  approximately  adjusted  to  the 
meridian.  For  instance  at  Cambridge,  where  the  magnetic 
declination  is  about  19°  westward, the  telescope  maybe  brought 
nearly  to  the  meridian  by  being  'turned,  in  common  with  the 
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compass-card,  till  the  northward  end  of  the  needle  points  to  19° 
eastward,  as  marked  on  the  card,  from  the  N.  point.  If  it  be 
desired  to  fix  the  azimuth  reading  at  0°  when  the  telescope 
points  northward  in  the  meridian,  the  vernier-index  is  first  to 
be  set  to  0°  by  turning  the  vernier-plate  whilst  the  azimuth- 
plate  is  clamped  by  the  handle  o,  and  then  after  connecting  the 
two  plates  by  the  clamp  at  m,  and  unclamping  o,  the  plates  are 
to  be  moved  together  till  the  plane  of  collimation  is  shewn  by 
the  compass  to  be  nearly  in  the  meridian,  the  telescope  pointing 
northward.  The  required  adjustment  of  the  zero  of  azimuth 
may  in  this  way  be  made,  at  least  approximately. 

364.  For  an  exact  adjustment  recourse  must  be  had  to 
astronomical  observation,  which,  after  the  foregoing  approxima- 
tion, may  be  such  as  follows.  With  the  instrument  in  its  actual 
state  observe  the  altitude  and  azimuth  of  a  known  star  at  a 
recorded  time,  and  compare  therewith  the  altitude  (inclusive  of 
refraction)  and  azimuth  of  the  star  calculated  for  the  given  time 
by  the  usual  formulae  from  its  known  R.A.  and  P.D.  The 
excesses  of  the  calculated  above  the  observed  values  are  the 
corrections  to  be  applied  for  index  errors  of  the  altitude  and 
azimuth  circles.  The  result  in  the  case  of  the  altitude  circle 
will  serve  to  test  or  rectify  the  correction  already  applied 
(Art.  36 1 ) ;  and  the  mechanical  correction  of  the  residual  index 
error  of  the  azimuth  circle  may  be  effected  by  the  following 
process.  Suppose  the  azimuth  reading  for  bisection  of  a  well- 
defined  terrestrial  point  to  be  A  reckoned  from  the  apparent  N. 
direction,  and,  the  correction  for  index  error  having  been  found 
by  the  foregoing  method  to  be  +  a,  let  the  azimuth  reading  be 
altered  to  A  4-  a  by  the  tangent-screw  and  clamp  at  m.  The 
cross  of  wires  will  then  no  longer  bisect  the  same  point,  but  may 
be  made  to  bisect  it  again  by  the  slow-motion  screw  p,  the  axle 
G  being  clamped.  By  this  means  the  index  error  is  corrected 
so  that  the  reading  of  the  azimuth-circle  will  be  0°  for  the  N. 
direction.  It  should  be  added  that  generally  it  would  be 
preferable  to  find  the  index  errors  of  both  circles  by  repeated 
observations  of  stars,  and  apply  the  resulting  mean  corrections 
in  the  reductions  of  the  observations ;  in  which  case,  although 
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it  is  necessary  to  be  provided  with  the  means  of  executing  these 
corrections  mechanically,  it  would  only  be  occasionally  required 
to  make  use  of  them. 

365.  It  remains  to  describe  the  mounting  of  the  Theodolite 
on  a  three-legged  stand.    In  the  Figure,  uuu  are  upper  portions 
of  the  legs,  connected  in  common  at  their  upper  ends  by  joints 
with  a  large   screw,   on  which  a  tapped    three-armed    plate 
is  screwed  for  support  and  adjustment  of  the  instrument  by  the 
three  screws  qqq.     These  screws  have  conical  feet  with  flanges, 
and  the  plate  consists  of  two  parts  in  contact,  the  upper  of 
which,  after  lifting  the  spring  r,  can  be  moved  for  bringing  into 
position  three  openings  through  which  the  conical  feet  have  to 
pass  in  order  to  rest  in  prepared  angular  grooves.     The  moved 
plate  is  then  restored  to  its  first  position  so  as  to  be  in  close 
contact  with  the  flanges,  the  spring  r  is  let  down,  and  the  two 
plates  are  screwed  together  by  the  screw  a?,  by  which  means  the 
positions   of  the  screws  qqq  are  fixed,  and  the  instrument  is 
firmly  connected  with  the  three-legged  support,     w  is  a  small 
plummet,  suspended  from  a  hook  vertically  under  the  centre  of 
the  azimuth  circle,  and  nearly  reaching  the  ground,  so  that  it 
indicates  the  spot  at  which  the  instrument  may  be  considered 
to  be  set  up.     When  it  is  required  to  move  the  instrument  to 
a  new  position,  the  parts  uuu  being  turned  on  their  hinges  are 
put  together  so  as  to  form  a  single  tapering  staff,  round  which 
three  brass  rings,  temporarily  held  on  by  friction,  keep  the  parts 
together.    In  the  foregoing  description  of  the  adjustments,  men- 
tion was  several  times  made  of  two  related  screws,  one  for  ad- 
justing, and  the  other  for  fixing  the  adjustment.    In  consequence 
of  this  precaution  the  Theodolite  can  be  borne  from  place  to 
place  with  the  staff  resting  on  the  observer's  shoulder  without 
disarranging  the  connection  of  the  parts1. 

366.  The  account  of  the  Theodolite  may  be  appropriately 
concluded  by  describing,  as  follows,  an  example  of  its  use  which 
may  serve  to  shew  in  some  degree  how  it  is  employed  in  large 

1  The  adjustments  of 'a  Theodolite  differing  in  "several  particulars  from  that 
represented  hy  Figure  55,  are  given  in  detail  in  Simms's  Treatise  on  Mathe- 
matical Instruments,  pp.  17—22. 


352  PRACTICAL  ASTRONOMY. 

trigonometrical  surveys.     In  order  to  determine  the  difference 
of  longitude  between  the  transit-instrument  of  the  Cambridge 
Observatory  and  the  place  of  a  clock  in  the  Museums  Building, 
for  the  purpose  of  inferring  true  local  mean  time  from  compari- 
sons of  this  clock  with  the  transit-clock  Hardy,  the  following 
process  was  adopted.    Two  stations  A  and  B  were  fixed  upon  in 
the  neighbourhood  of  the  Observatory,  from  both  of  which  the 
N.E.  pinnacle  of  King's  College  Chapel  could  be  well  seen.    The 
former  station  was  nearly  opposite  the  middle  of  the  steps  of 
the  Portico  of  the  Observatory,  and  the  differences  between  its 
latitude  and  longitude,  and  those  of  a  point  T  vertically  under 
the   central   point  of  the  transit-instrument,  were  obtainable 
simply  by  measures  parallel  and  perpendicular  to  the  meridional 
direction  through  T.     The  Theodolite  being   set   up  at  A,  a 
vertical  adjustment  of  the  axis  of  azimuthal  motion  was  care- 
fully made  by  the  three  adjusting  screws  and  the  two  attached 
levels  (see  Art.  361),  the  adjustment  was  next  tested  by  turning 
the   large   level  L,  supposing  it  to  be    already  corrected  for 
indicating  the  horizontal  pointing  of  the  telescope,  after  which 
the  index  error  of  the  altitude-circle  was  corrected.     The  index 
error  of  the  azimuth  circle  was  left  of  arbitrary  amount,  the 
adopted  method  of  observing  being  such  as  not  to  require  its 
correction.     At  B,  a  point  nearly  due  south  of  A,  and  close  to 
the  road  to  St  Neots,  a  staff  was  set  up  vertically  by  a  plumb- 
line,  and  being  furnished  with  an  adjustible  mark  which  could 
be  placed  at  the  same  height  from  the  ground  as  the  central 
point  of  the  telescope,  the  positions  of  that  point  and  the  mark 
could  be  interchanged  by  means  of  the  plummet  w  (in  the  Fig.), 
The  highest  point  P  of  the  above-mentioned   pinnacle  being 
visible  both  from  A  and  B,  the  process  of  taking  the  observa- 
tions was  such  as  follows. 

367.  With  the  Theodolite  at  A,  the  instrumental  altitudes 
and  azimuths  of  the  point  P,  and  of  M,  the  position  of  the  mark, 
were  recorded.  The  Theodolite  was  then  transferred  to  B  and 
the  staff  to  A,  and  the  altitudes  and  azimuths  of  P  and  M  were 
observed  from  B.  Without  changing  the  position  of  the 
Theodolite,  an  altitude  of  a  limb  of  the  Sun,  and  a  transit  of 
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both  vertical  limbs  (see  Art.  329),  were  taken  at  times  indicated 
by  a  sidereal  chronometer  whose  error  on  true  sidereal  time  was 
ascertained.  The  distance  between  A  and  B,  which  corresponds 
to  the  base-line  of  a  trigonometrical  survey,  was  measured  by  a 
Gunter's  chain,  the  whole  length  of  which,  and  the  mean  length 
of  the  links,  were  obtained  by  means  of  a  four-feet  measure 
(lent  for  the  occasion  by  Professor  Adams),  which  had  been 
compared  with  a  standard  of  length.  This  distance  was  mea- 
sured along  the  ground,  which  declined  regularly  from  A  to  B. 
Supposing  I  to  be  the  measured  length,  and  a  the  angular 
depression,  as  inferred  from  the  altitude  of  A  observed  from  B, 
the  horizontal  interval  between  A  and  B  is  I  cos  a.  Thus  there 
were  given  the  difference  of  the  azimuths  both  of  the  horizontal 
projections  of  AP  and  AB,  and  of  the  horizontal  projections  of 
BPand  BA,  and  the  length  of  the  projection  of  AB.  With 
these  data  the  lengths  of  the  horizontal  projections  of  AP  and 
BP  were  calculated,  two  angles  and  the  included  side  of  a  plane 
triangle  being  given.  Next,  the  altitude  of  the  bisected  N.  or 
S.  limb  of  the  Sun  was  obtained,  for  the  given  time  of  observa- 
tion, by  calculating,  according  to  known  rules,  from  the  R.A., 
P.D.  and  semi-diameter  derived  from  the  Nautical  Almanac,  and 
the  result  compared  with  the  instrumental  altitude,  in  order 
that  the  index  error  of  the  altitude-circle  might  be  tested,  and, 
if  of  sensible  amount,  be  corrected.  From  analogous  data 
derived  from  the  Nautical  Almanac,  the  Sun's  azimuth  at  the 
given  time  of  the  observation  of  azimuth  was  calculated,  and 
compared  with  the  instrumental  azimuth,  for  the  purpose  of 
ascertaining  the  amount  of  correction  to  be  applied  to  the  latter 
for  index  error.  After  correcting  thereby  the  instrumental 
azimuth  of  the  projection  of  BP,  the  astronomical  azimuth  of 
this  projection  became  known,  and,  by  consequence,  that  of  the 
projection  of  AP,  the  two  projections  making  with  each  other 
the  angle  of  the  above-mentioned  plane  triangle  subtended  by  the 
projection  of  A  B.  Thus  both  the  length  and  the  azimuthal  bear- 
ing of  the  projection  of  AP  were  determined,  and  consequently 
the  differences  between  the  R.A.  and  P.D.  of  the  points  A  and  P, 
as  measured  on  the  earth's  surface,  were  readily  inferred.  Also 
c.  23 
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the  relative  positions  in  R.A.  and  P.D.  of  the  points  A  and  T 
having  been  found  by  direct  measurement  (see  Art.  366),  the 
differences  in  R.A.  and  P.D.  between  the  positions  of  the 
pinnacle  P  and  the  Transit  T  were  at  once  obtained. 

368.  Again,  two  positions  C  and  D  were  chosen  in  the 
South  Court  of  the  Museums  Building,  the  former  on  the  east 
side  and  the  other  on  the  west  side,  and  from  both  the  top  of 
the  N.E.  pinnacle  of  the  Chapel  could  be  seen.  But  neither  of 
them  was  suitable  for  measurement  of  its  distances  in  R.A.  and 
P.D.  from  the  position,  say  K,  of  the  clock,  or  for  taking  obser- 
vations of  the  Sun  ;  on  which  accounts  a  position  Q  on  the  roof 
of  the  S.W.  angle  of  the  building  was  made  use  of  as  an  inter- 
mediate station.  First  of  all,  the  azimuths  of  P,  and  of  the 
mark  M  adjusted  after  placing  the  staff  at  D,  were  taken  from 
C,  and  then,  the  Theodolite  retaining  its  position,  the  staff  was 
transferred  to  Q,  and,  the  adjustment  of  M  remaining  the  same, 
its  azimuth  in  the  new  position  was  observed  from  G.  The 
length  CD  was  measured  by  the  Gunter's  chain,  and,  as  it 
happened,  no  correction  was  required  for  inclination  of  the 
ground.  Lastly,  the  Theodolite  being  transferred  to  D  and  the 
staff  to  C,  the  azimuths  of  P,  and  of  the  mark  M  first  at  C  and 
then  at  Q,  were  taken  from  the  position  D,  in  the  same  manner 
as  the  analogous  azimuths  were  taken  before  from  C.  It  will 
thus  be  seen  that  data  were  obtained  for  calculating  (as  shewn 
in  Art.  367)  the  lengths  of  the  projections  of  CP  and  CQ,  but 
not  their  directions.  To  obtain  these  the  Theodolite  was  trans- 
ferred to  the  position  Q,  the  staff  was  placed  at  C,  the  heights 
of  the  Telescope  and  the  mark  M  were  adjusted  to  the  values 
they  had  before  their  positions  were  interchanged,  and  the 
azimuths  of  M  and  of  the  Sun  at  a  noted  time,  were  observed 
from  Q.  The  observed  azimuth  of  the  Sun  was  compared  with 
its  value  at  the  given  time  as  computed  from  the  data  of  the 
Nautical  Almanac,  and  the  excess  of  the  latter  above  the 
former  was  applied  as  correction  of  index  error  of  the  observed 
azimuth  of  the  projection  of  QC.  Hence  the  astronomical 
azimuth  of  that  projection  was  determined,  and  that  of  the 
projection  of  CP  was  at  once  inferred  from  the  antecedent 
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observations  of  the  azimuths  of  CP  and  CQ  from  C.  Thus  both 
the  lengths  and  the  directions  of  the  projections  of  CP  and  CQ 
were  ascertained,  and  consequently  the  differences  of  R.A.  and 
P.D.  between  C  and  P,  and  between  C  and  Q,  and,  by  inference, 
between  Q  and  P,  admitted  of  ready  calculation  (see  Art.  367). 
Hence,  after  obtaining  the  relative  positions  in  R.A.  and  P.D. 
of  the  point  Q  and  the  place  K  of  the  clock,  which  could  be 
done  by  direct  measurement,  the  relative  positions  of  K  and  P 
became  known.  The  relative  positions  of  T  and  P  having  been 
already  found  (Art.  367),  the  differences  of  R.A.  and  P.D. 
between  T  and  K,  that  is,  between  the  Transit  at  the  Observa- 
tory and  the  Museums'  clock,  were  immediately  inferred. 

369.  The  observations  to  which  the  foregoing  statements 
refer  were  taken  at  various  times  between  October  27  and 
November  5,  1866,  and  between  October  29  and  November  4, 
1867,  partly  in  presence  of  my  astronomical  class.  The 
measured  length  of  the  base-line  AB  was  6584,3  inches,  and 
that  of  CD  3259,4  inches.  The  positions  A  and  B  were  west- 
ward, and  those  of  C  and  D  eastward,  from  the  point  P.  The 
immediate  purpose  of  the  observations  with  the  Theodolite  and 
the  auxiliary  measures  was  to  determine  the  differences  of  R.A. 
and  P.D.  between  T,  the  place  of  the  Observatory  Transit,  and 
T'  that  of  a  small  portable  Transit,  which  was  occasionally  set 
up,  in  the  manner  described  in  Art.  358,  on  the  wall  erected  for 
supporting  out-door  instruments.  (See  Note  to  Art.  306.)  This 
wall  was  raised  a  few  feet  above  the  level  of  the  roof  mentioned 
in  Art.  368,  so  that  the  Transit  could  be  conveniently  placed  and 
adjusted  for  approximately  obtaining  the  local  sidereal  time.  By 
measurement  A  was  2941  inches  south  and  535  inches  east  of  T. 
By  calculation  from  the  observations  at  A  and  B,  it  was  found 
that  the  horizontal  projection  of  AP  was  70482  inches,  and, 
taking  the  above  measures  into  account,  that  T  was  north  of  P 
by  42191  inches,  and  west  of  P  by  59076  inches.  Again,  the 
distances  in  R.A.  and  P.D.  between  T'  and  Q  having  first  been 
obtained  by  auxiliary  measurement,  by  taking  these  into  account 
and  calculating  from  the  observations  made  with  the  Theodolite 
in  the  South  Court  and  on  the  Roof,  it  appeared  that  T'  was 

23—2 
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south  of  P  by  7457  inches  and  east  of  P  by  6788  inches. 
Hence  it  follows  that  T  was  north  of  T'  by  49648  inches,  and 
west  of  T'  by  65864  inches.  By  adopting  these  values,  which 
are  measures  on  a  surface  cutting  the  direction  of  gravity  at 
right  angles,  and  applying  small  corrections  due  to  the  figure  of 
the  earth,  it  resulted  that  the  N.  latitude  of  the  Museums' 
Transit  was  less  than  that  of  the  Observatory  Transit  by  40",8, 
and  its  longitude  eastward  greater  by  5s, 87 5.  Hence  from  the 
known  latitude  and  longitude  of  the  Cambridge  Transit  it  re- 
sults, that  the  latitude  of  the  Museums'  Transit  is  52°.  12'.  10",8 
north,  and  its  longitude  288,62  east  of  Greenwich.  It  may 
be  noticed  that  the  previously  known  geographical  place  of 
the  Cambridge  Transit  here  answers  the  same  purpose  as 
determining  by  astronomical  observations  the  geographical 
places  of  certain  stations  in  Trigonometrical  Surveys. 

By  measures  taken  on  March  15,  1867,  it  was  ascertained 
that  the  latitude  of  K,  the  place  of  the  Museums'  clock,  was 
greater  by  132  inches  than  that  of  T',  and  its  east  longitude 
greater  than  that  of  T'  by  70  inches.  Hence,  finally,  the 
longitude,  of  the  clock  is  28S,63  east  of  Greenwich,  and  its  lati- 
tude 52°.  13'.  32",3  N. 

370.  TJie  Sextant.  Figure  56  was  taken  from  a  drawing 
representing  one  of  Ramsden's  sextants,  which  differed  little  in 
construction  from  those  afterwards  made  by  Trough  ton1.  By 
reference  to  the  figure,  the  different  parts  and  their  uses  may 
be  described  as  follows.  The  rays  from  an  object  are  first 
incident  on  the  plane  reflector  /,  called  the  index-glass,  and 
after  reflection  are  incident  on  a  second  glass,  called  the  horizon- 
glass,  the  lower  half  of  which,  iy  is  silvered  for  producing  a 
second  reflection.  After  this  reflection,  the  rays  are  received 
by  the  Telescope  AF  and  reach  the  eye  at  F,  at  the  same  time 
that  a  second  object  is  viewed  directly  with  the  Telescope  by 
rays  that  have  passed  through  o,  the  unsilvered  part  of  the 
same  glass.  The  celestial  arc  between  the  two  objects  subtends, 

1  A  sectant  of  Troughton's  construction  is  figured  in  page  50  of  Simms's 
Treatise,  and  the  parts,  adjustments,  and  modes  of  using  it  are  described  in 
pages  50—56  of  that  work. 
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as  is  known  from  Optics,  an  angle  equal  to  double  the  mutual 
inclination  of  the  planes  of  the  reflectors.  The  arc  BG  is  so 
graduated  that  this  double  angle  is  immediately  read  off  by 
means  of  the  vernier  V,  which  is  connected  by  a  bar  with  the 
index-glass  /,  and  turns  with  it  about  an  axis  passing  through 
the  centre  of  the  graduation.  The  vernier  is  detained  by  the 
elastic  plate  s,  and  after  being  clamped  to  the  limb  by  the 
screw  m,  is  movable  by  the  slow-motion  screw  n.  The  gradua- 
tion proceeds  from  B  towards  0,  extending  137°  from  zero  in 

Fig.  56. 


that  direction,  and  2°  from  zero  in  the  opposite  direction,  and 
each  graduation-interval  is  20'.  As  39  graduation-intervals  are 
equal  to  40  vernier-intervals,  it  follows  that  the  arc  can  be  read 
off  to  30",  and  by  estimation  to  a  fraction  of  that  quantity. 
[In  Trough  ton's  sextants,  the  graduation -interval  is  10',  which 
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by  the  vernier  is  subdivided  into  intervals  of  10",  so  that  the 
graduation  can  be  read  off  to  an  estimated  fraction  of  10".] 
Two  sets  of  dark  glasses  D  and  d  are  so  placed  that  by  turning 
the  former  the  sun-light  reflected  at  /  may  be  intercepted,  and 
by  turning  the  other  the  sunlight  entering  at  o  may  be  inter- 
cepted, whereby  the  light  in  each  case  can  be  sufficiently  mode- 
rated before  it  enters  the  eye.  In  certain  circumstances  after- 
wards mentioned,  it  is  preferable  to  place  darkening  glasses  at 
the  eye-end  F  of  the  Telescope. 

371.  The  adjustments  of  a  Sextant  are  executed  by  the 
instrument-maker,  and  generally  so  as  not  to  require,  or  admit 
of,  alteration  by  the  observer.  It  is  right,  however,  that  the 
observer  should  know  how  to  test  their  accuracy,  the  methods 
of  doing  which  will  accordingly  here  be  given.  The  requisite 
adjustments  are  these :  (1)  the  index-glass  is  required  to  be 
perpendicular  to  the  plane  of  the  instrument ;  (2)  the  horizontal 
glass  should  be  perpendicular  to  the  same  plane ;  (3)  after 
setting  the  index  of  the  vernier  to  0°  of  the  arc,  the  horizontal- 
glass  must  be  parallel  to  the  index-glass :  (4)  the  optical  axis  of 
the  Telescope  should  be  parallel  to  the  plane  of  the  instrument. 
To  test  the  first  adjustment,  hold  the  instrument  horizontally 
with  the  index-glass  towards  the  eye,  and  look  at  the  graduated 
arc  partly  directly  and  partly  by  oblique  reflection  at  the  glass. 
If  the  parts  thus  viewed  appear  at  their  junction  to  form  a 
continuous  arc,  the  index-glass  is  adjusted.  In  fact,  by  this 
means  the  plane  of  the  instrument  is  practically  defined.  The 
second  adjustment  is  tested  by  sweeping  with  the  index-bar  to 
see  whether  the  reflected  image  of  a  star,  or  other  object,  passes 
exactly  over  its  position  as  seen  directly  with  the  Telescope. 
If  not,  the  error  can  be  corrected  by  means  of  a  capstan-headed 
screw  (not  seen  in  the  figure),  which  acts  transversely  on  the 
lower  part  of  the  frame  that  supports  the  horizontal  glass.  The 
third  adjustment  is  verified,  after  setting  the  vernier-index  at  0°, 
by  finding  that  the  images  of  an  object,  for  instance  the  Sun,  seen 
directly  and  by  reflection  coincide,  or  appear  as  one.  If  this  be 
not  the  case,  the  deviation  is  due  to  index  error,  the  amount  of 
which,  as  no  instrumental  means  are  provided  for  correcting  it, 
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is  allowed  for  in  the  reduction  of  each  observation,  after  being 
ascertained  by  the  following  process.  The  vernier-index  being 
first  set  and  clamped  to  a  reading  of  about  30'  on  the  side  of 
zero  towards  C,  on  looking  towards  the  Sun  two  images  will  be 
seen  nearly  in  contact,  or  a  little  overlapping,  and  may  be 
brought  to  exact  contact  by  turning  the  tangent-screw  n.  This 
is,  in  fact,  the  process  for  measuring  the  Sun's  diameter  by  the 
Sextant,  the  images  in  contact  being  those  of  opposite  limbs. 
Generally  it  is  best  to  hold  the  Sextant  horizontally  for  this 
purpose,  the  horizontal  measure  not  being  affected  by  refraction. 
The  measure  thus  obtained  is  to  be  compared  with  the  Sun's 
diameter  as  deduced  for  the  given  time  from  the  Nautical 
Almanac,  and  the  algebraic  excess  of  the  latter  above  the 
measured  diameter  is  the  required  correction  for  index  error. 
This  correction  is  also  obtainable  as  follows  by  instrumental 
observation  without  having  recourse  to  the  Nautical  Almanac. 

372.  The  graduation  being  extended,  as  stated  in  Art.  370, 
2°  on  the  side  of  zero  towards  B,  the  index  may  be  set  about  30' 
from  zero  on  that  side,  and  then  an  exact  contact  of  the  two 
images  be  effected  as  before.     The  interval  between  zero  and 
the  place   of  the  index  for  this  contact  may  then  be   derived 
from  the  graduation  by  means  of  the  vernier.    Hence  if  D,  D'  be 
the  first  and  second  measured  intervals  and  D+e  be  the  interval 
between  the  true  place  of  zero  and  the  vernier  index  on  the 
side  towards  C,  D'  —  e  will  be  the  corresponding  interval  on  the 
opposite   side.      Hence   as   each  interval  measures  the  Sun's 
diameter,  D  +  e  =  D'  —  e.     Consequently  the  correction  e  of  D 
is  equal  to  ^(Df  —  D),  and  is  positive  or  negative  according  as 
the  right-hand  interval  D'  is  greater  or  less  than  the  left-hand 
interval  D.    The  adopted  value  of  e  should  be  the  mean  of  several 
determinations.    In  taking  the  above-mentioned  observations  of 
the  Sun  for  determining  the  index  error,  a  dark  glass  should  be 
placed  before  the  eye-piece  at  F  instead  of  using  the  shades  D 
and  d,  because  some  error  might  be  induced  by  refraction  through 
the  sets  of  glasses  of  which  these  are  composed.    (See  Art.  370.) 

373.  For  testing  the  accuracy  of  the  fourth  adjustment  two 
parallel   bars  are   fixed  in  the  field  of  view  of  the  Telescope 
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very  nearly  at  equal  distances  from  its  centre.  These  bars  may 
be  placed  so  as  to  be  very  approximately  parallel  to  the  plane  of 
the  instrument  by  causing  the  reflected  image  of  a  slow- 
moving  star,  as  Polaris,  or  of  a  fixed  terrestrial  point,  to  move 
along  one  of  the  bars  by  combining  a  rotation  of  the  Tele- 
scope by  hand  with  a  change  of  inclination  of  the  reflector  / 
by  the  bar.  This  arrangement  being  made,  let  us  suppose  that 
the  plane  of  collimation  of  the  Telescope  exactly  bisects  the 
interval  between  the  bars.  Then  selecting  two  objects,  as  the 
Sun  and  Moon,  or  two  stars  distant  90°  at  least  from  each  other, 
bring  their  images  into  contact  at  the  bar  nearest  the  plane  of  the 
sextant,  clamp  the  index,  and  after  bringing  by  change  of  position 
of  the  instrument  the  images  upon  the  other  bar,  notice  whether 
they  are  still  in  contact.  Assuming  the  axis  of  the  Telescope 
to  be  parallel  to  the  plane  of  the  instrument,  these  two  measures 
of  the  distance  between  the  objects  would  be  taken  in  planes 
equally  inclined  to  the  telescope's  plane  of  collimation  on  oppo- 
site sides,  and  therefore  ought  to  be  equal.  If  a  separation  of 
the  images  in  the  second  measure  shews  that  this  condition 
is  not  fulfilled,  the  requisite  adjustment  of  the  axis  is  to  be 
effected  tentatively  by  shifting  two  screws  which  fix  the  place 
of  an  up-and-down  piece,  whereby  the  object-end  of  the  Telescope 
is  raised  or  lowered.  This  adjustment,  as  originally  performed 
by  the  maker  of  the  instrument,  rarely  requires  alteration. 

374.  The  Sextant  is  an  instrument  indispensable  to  the 
navigator,  being  capable  of  effecting  on  ship-board  several 
of  the  purposes  for  which,  as  already  explained,  a  portable 
altazimuth  is  employed  on  land.  Thus  the  altitude  of  the  Sun, 
or  other  heavenly  body,  is  obtainable  by  taking  the  sea-horizon 
for  the  second  object,  the  Sextant  measuring  the  vertical  arc 
between  any  object  and  the  horizon.  (When  used  for  such 
purposes  the  instrument  is  held  with  the  left-hand  by  the 
handle  H  (Fig.  56),  while  the  vernier-bar  is  moved  for  com- 
pleting an  observation  with  the  right-hand  by  turning  the 
slow-motion  screw  n.)  The  local  time  of  day  may  be  deduced 
from  the  chronometer  times  of  taking  equal  altitudes  of  a 
known  star,  or  of  the  Sun,  before  and  after  its  meridian 
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passage  (see  Art.  355).  In  the  case  of  the  Sun  a  correction 
has  to  be  applied  for  change  of  its  declination  in  the  interval 
between  the  observations  (see  Art.  356),  and,  whether  the  Sun 
or  a  star  is  observed,  a  small  correction  is  required  for  the  ship's 
way  in  the  same  interval,  the  rate  of  sailing  (exclusive  of  the 
effect  of  currents)  being  ascertained  by  casting  the  log,  and  the 
course  being  indicated  by  the  compass1.  The  practical  method 
of  rinding  the  latitude  of  the  place  of  the  ship  is  to  watch  a 
little  before  noon  the  changes  of  altitude  of  the  Sun's  limb, 
as  shewn  by  the  readings  of  the  vernier  for  measures  of  altitude 
till  the  maximum  height  is  reached,  and  then  to  verify  this 
value  by  seeing  whether  the  reflected  image  of  the  limb  just 
grazes  the  horizon-line  when  the  instrument  is  moved  to  and 
fro  to  right  and  left.  The  Sun's  altitude  at  the  time  of  apparent 
noon  of  the  place  having  been  thus  observed,  and  corrections  for 
refraction  and  parallax  applied,  the  Latitude  of  the  place  is 
readily  inferred  from  the  Sun's  geocentric  declination  at  the 
time,  as  calculated  from  the  data  of  the  Nautical  Almanac. 
This  calculation,  however,  implies  that  the  longitude  of  the 
ship's  place  is  at  least  approximately  known  by  comparing  a 
mean  time  chronometer  regulated  to  shew  Greenwich  mean 
time  with  the  chronometer  used  for  determining  the  local 
mean  time.  The  foregoing  method  of  finding  the  ship's  latitude 
is  suitable  for  a  voyage,  and  is  much  practised  by  seamen ; 
but  evidently  when  the  error  of  a  sidereal  chronometer  on 
local  sidereal  time  is  found,  and  consequently  the  time  at  which 
a  known  star  crosses  the  meridian  may  be  determined,  the 
latitude  might  be  more  simply  deduced  from  an  observation  of 
the  meridian  altitude  of  such  star. 

375.  The  Sextant  is  also  employed  in  a  very  important 
manner  for  measures  of  Lunar  Distances,  that  is,  distances  in 
celestial  arc  between  the  Moon's  bright  limb  and  the  Sun's 
limb,  or  the  limb  of  a  Planet,  or  a  bright  known  star.  In 
taking  this  observation  the  Sextant  has  to  be  held  so  that 
the  eye  of  the  observer  and  the  two  objects  are  in  the  plane 

1  A  formula  for  calculating  this  correction  is  investigated  in   Godfray's 
Treatise  on  Astronomy,  Art.  146. 
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of  the  instrument  as  defined  in  Art.  371.  Each  measure 
requires  to  be  accompanied  by  a  note  of  time,  and  also  by  simul- 
taneous1 observations  of  the  altitudes  of  the  two  points  between 
which  the  measure  is  taken,  for  the  purposes  of  calculating  the 
difference  of  the  azimuths,  and  clearing  the  observed  distance 
of  refraction  and  parallax.  The  corrections  of  the  observed  alti- 
tudes for  refraction  may  be  calculated  from  the  usual  Tables,  the 
argument  being  Apparent  Zenith  Distance.  The  correction  (p) 
for  parallax  in  the  case  of  the  Moon  may  be  calculated  with  suffi- 
cient exactness  by  the  formula  sinp  =smPsin#,  P  being  the 
horizontal  parallax,  and  in  the  case  of  the  Sun,  or  a  Planet,  by 
the  approximate  formula  p=P  sin  z.  After  applying  these  correc- 
tions the  geocentric  distance  is  calculated  from  the  corrected 
zenith  distances  and  the  difference  of  azimuths,  and  from  the 
result,  as  will  be  shewn  in  the  next  Division,  the  Longitude  of 
the  ship's  place  is  inferred. 

376.  The  altitude  of  a  celestial  object  is  also  sometimes 
observed  with  a  Sextant  on  land,  in  which  case  it  is  necessary 
to  provide  an  Artificial  Horizon.  The  one  exhibited  for  illus- 
tration in  the  Lectures  consists  of  a  small  oblong  iron  trough 
containing  mercury  for  a  reflecting  surface,  and  placed  under 
a  covering  having  two  slanting  sides  of  plate  glass  for  protection 
against  disturbance  by  the  wind.  The  plates  are  equally  inclined 
from  a  vertical  plane  in  opposite  directions,  so  that  a  ray  in  a 
transverse  plane,  after  passing  through  one  plate,  and  undergoing 
reflection  at  the  mercury,  passes  through  the  other.  The  Sextant 
measures  the  angle  between  the  actual  direction  of  the  object  and 
that  of  its  reflected  image,  and  consequently  gives  the  double  of  its 
altitude  above  the  horizon.  In  practising  this  method,  observa- 
tions should  be  taken  an  equal  number  of  times  with  reverse 
positions  of  the  protecting  covering,  and  the  mean  result  be 
adopted,  in  order  to  eliminate  any  error  that  may  arise  from 
unequal  refractive  action  of  the  two  plates  on  the  ray.  For  a 

1  A  rule  is  given  in  Simms's  Treatise,  p.  56,  according  to  which  the  three 
arcs  can  be  virtually  measured  at  the  same  time  by  a  single  observer,  the  required 
altitudes  being  obtained  by  interpolation  from  altitudes  taken  before  and  after 
the  measure  of  distance. 
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like  reason  the  eye-glass  at  F  should  be  armed  with  a  single 
dark  glass  in  place  of  using  the  shades  D  and  d  (see  Arts.  370 
and  372). 

377.  Troughton's  Reflecting  Circle.  The  construction  and 
uses  of  this  instrument  are  for  the  most  part  the  same  as  those 
of  the  Sextant,  from  which  it  differs  chiefly  with  respect  to  the 
following  particulars.  It  can  be  mounted  on  a  tripod  stand 
having  three  adjusting  foot-screws,  and  being  at  the  same  time 
counterpoised,  and  capable  of  movements  about  a  vertical  and 
a  horizontal  axis,  it  admits  of  adjustments  whereby  the  plane 
of  collimation  of  the  telescope  is  made  to  pass  through  the  two 
objects  the  angular  distance  between  which  has  to  be  measured. 
By  means  of  a  plumb  line,  or  by  the  application  of  a  small 
spirit-level  to  the  arms  bearing  the  foot-screws,  the  position  of 
the  vertical  axis  of  motion  may  by  the  screws  be  approximately 
adjusted,  whence  that  of  the  horizontal  axis  follows  by  reason 
of  the  mechanical  construction.  The  Reflecting  Circle  thus 
mounted  is  convenient  for  use  on  land  in  taking  measures  of 
celestial  arcs.  Again,  it  is  furnished  with  handles  by  which  when 
dismounted  it  can  be  so  held  in  the  hand  as  to  allow  of  measures 
being  taken  in  reverse  positions  of  the  graduated  circle.  This 
circle  is  graduated  all  round,  and  there  are  three  vernier-indices 
for  reading  its  indications,  separated  by  intervals  of  120°,  the 
minutes  and  seconds  being  read  from  each,  and  the  degrees 
being  taken  from  that  to  which  the  tangent-screw  is  attached. 
It  was  considered  by  Troughton  that  the  mean  of  the  three 
readings  got  rid  of  errors  that  might  arise  from  eccentricity 
of  the  centre  of  the  graduated  arc  relative  to  the  axis  of  motion 
of  the  index-glass,  and  that  by  the  mean  of  the  two  sets  of 
readings  in  reverse  positions  the  index  error  was  corrected, 
and  errors  due  to  refraction  through  the  dark  glasses  were 
counteracted.  In  other  respects  the  adjustments  are  the  same 
as  those  already  explained  relatively  to  the  Sextant  (Art.  371), 
and  need  not  be  stated  here.  By  the  processes  above  mentioned 
the  indications  of  the  Reflecting  Circle  can  be  read  with  a 
precision  hardly  required  by  the  observations  for  which  it  is 
adapted,  which  do  not  generally  admit  of  a  high  degree  of 
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accuracy.     For  seamen  the  Sextant  is  a  more  serviceable  in- 
strument1. 

378.  Borda's  Repeating  Circle.  This  instrument  resembles 
in  some  respects  a  Troughton's  Reflecting  Circle  mounted  on  a 
tripod  stand,  being  like  the  latter  counterpoised,  and  capable  of 
having  the  plane  of  collimation  directed  through  two  objects 
by  means  of  rotations  about  a  vertical  axis  and  a  horizontal 
axis.  It  differs,  however,  essentially  from  the  Reflecting  Circle 
in  the  respect  that  instead  of  measuring  celestial  arcs  by  the 
intervention  of  reflections,  it  employs  for  this  purpose  two 
telescopes,  which  can  be  turned  about  a  common  axis  passing 
through  the  centre  of  a  circle  graduated  on  one  face  for  taking 
the  measures.  These  telescopes  and  the  circle  (which  is 
between  them)  may  be  moved  about  that  axis  independently 
of  each  other,  and  each  telescope  admits  of  being  clamped  to 
the  circle,  and  adjusted  in  position  by  slow-motion  screws.  One 
of  the  telescopes  has  four  arms  radiating  from  it  in  rectangular 
directions,  and  carrying  four  verniers  by  which  the  graduation 
is  read  off.  One  of  the  arms  has  at  its  end  a  tangent-screw- 
and-clamp  apparatus  by  which  the  telescope  is  attached  to  the 
graduated  face  of  the  circle  and  adjusted,  the  clamping  being 
effected  by  turning  with  the  fingers  the  teeth  of  a  small  racked 
circle.  The  other  telescope  is  clamped  to  the  circle  and 
adjusted  by  like  apparatus.  To  this  telescope  a  large  spirit- 
level  is  fixed,  which  has  to  be  adjusted  so  that  its  bubble  is  in 
mid-position  when  the  axis  of  the  telescope  is  pointed  horizon- 
tally (see  Arts.  361  and  366).  For  adjusting  the  axis  of  hori- 
zontal motion  vertically,  the  feet  of  the  tripod-stand  are 
adjustible  by  screws,  which  rest  in  three  brass  sockets  the 
heights  of  which  are  also  regulated  by  screws,  by  which  means 
and  by  the  adjusted  spirit-level,  the  required  vertical  adjust- 
ment may  be  effected  and  verified.  This  being  done,  the 
adjustment  of  the  horizontal  axis  of  motion  follows  from  the 
mechanical  construction.  After  clamping  a  collar  and  connected 

1  Of  Troughton's  Reflecting  Circle,  an  example  of  which  is  exhibited  in  the 
Lectures,  a  particular  description,  accompanied  by  a  Figure,  is  given  in  Simms's 
Treatise,. pp.  57—60. 
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tongue  to  the  vertical  column  supporting  the  instrument,  the 
whole  may  be  turned  by  means  of  a  slow-motion  screw  about 
the  vertical  axis.  By  like  means,  when  the  telescopes  are 
clamped  to  the  circle,  slow  motion  about  the  axis  of  revolution 
passing  through  the  centre  of  the  graduation  is  given  in 
common  to  the  circle  and  the  telescopes.  After  the  plane  of 
collimation  is  adjusted  for  an  observation,  motion  about  the 
horizontal  axis  is  prevented  both  by  the  counterpoise  and  by 
a  clamp-and-screw  acting  upon  a  small  fixed  arc  concentric 
with  that  axis.  The  mode  of  using  this  instrument  for  mea- 
suring celestial  arcs  is  such  as  follows. 

379.  Let  Sl  and  $2  be  the  two  objects  in  the  plane  of  colli- 
mation, the  direction  from  St  to  S2  being  that  in  which  the 
graduation  proceeds.  Let  the  telescope  which  carries  the  four 
verniers,  and  is  consequently  contiguous  to  the  graduated  face 
of  the  circle,  be  signified  by  A,  and  the  telescope  contiguous  to 
the  opposite  face  of  the  circle  by  B,  and  let  0  be  the  position 
of  the  centre  of  the  graduation.  By  the  motions  about  the 
vertical  and  horizontal  axes,  and  by  the  apparatus  for  clamping 
the  telescopes  to  the  circle,  first  point  B  towards  82  and  A 
towards  Slf  and  by  the  slow-movements  make  the  pointings  as 
exact  as  possible.  Next,  turn  the  circle  and  clamped  telescopes 
till  B  points  to  the  object  Sv  and  A  is  consequently  made  to 
point  farther  in  the  direction  opposite  to  that  of  the  graduation 
by  the  angle  S1OSZ.  Hence  if  A  be  now  undamped,  and  by 
independent  movement,  with  adjustment  by  clamp  and  tangent- 
screw,  be  made  to  point  exactly  towards  Sv  it  will  be  moved 
in  the  direction  of  the  graduation  through  an  angle  equal  to 
twice  L  SflSr  Hence  half  the  excess  of  the  second  reading  for 
the  pointing  of  A  above  the  first  gives  the  arc  between  the 
two  objects.  A  second  measure  may  be  obtained  by  proceeding 
as  follows.  Turn  the  circle,  with  the  telescopes  clamped  to  it, 
so  as  to  make  A  point  again  towards  Slt  by  which  operation 
B  will  be  brought  to  point  farther  in  the  direction  from  82 
towards  $x  than  its  original  pointing  by  twice  the  angle 
$jO$2.  Then  bring  B  by  its  independent  motion  to  point  to 
$2,  and  adjust  the  pointing  of  A  to  S{  solely  by  the  slow 
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motions  of  the  circle  about  the  vertical  •  and  horizontal  axes 
(because  the  circle-reading  for  the  pointing  of  A  must  not  be 
altered),  and  that  of  B  to  $2  by  combining  the  same  means 
with  its  proper  tangent-screw  adjustment  relative  to  the  circle. 
Supposing  the  telescopes  thus  to  be  correctly  pointed,  A  to  8l 
and  B  to  $2,  all  circumstances  will  be  the  same  that  they  were 
at  first,  and  the  measure  may  be  repeated  by  proceeding  exactly 
in  the  same  manner  as  before.  Accordingly  the  telescope  A 
will  be  still  further  advanced  in  the  direction  of  the  graduation 
by  twice  the  angle  SflSv  If  n  such  measures  be  taken,  the 
required  angle  will  evidently  be  the  excess  of  the  last  reading 
for  the  pointing  of  A  above  the  first,  divided  by  2n.  In  the 
same  manner  a  succession  of  altitudes  of  Polaris,  or  other  star, 
might  be  obtained,  the  horizontal  pointing  of  the  telescope 
which  carries  the  spirit-level  supplying  the  place  of  a  second 
object.  It  was  formerly  thought  that  by  the  repeating  principle 
errors  of  reading  off  and  of  graduation  might  in  great  measure 
be  eliminated.  But  the  methods  of  graduating  and  subdividing 
the  intervals  are  now  brought  to  such  perfection  that  there 
appears  to  be  no  reason  for  having  recourse  to  that  principle, 
of  which,  moreover,  it  is  to  be  said  that  it  leaves  uncorrected 
any  error  that  is  common  to  all  the  measures. 

380.  The  foregoing  explanations  apply  to  a  Borda's  Repeat- 
ing Circle  (exhibited  in  the  Lectures)  which  was  made  by 
Troughton  according  to  the  construction  that  he  adopted  at  first. 
Subsequently  he  produced  the  instrument  in  the  modified  form 
represented  by  Fig.  1  in  Plate  xxm.  of  Pearson's  Practical 
Astronomy,  and  described  in  pp.  498 — 509  of  that  work.  The 
same  form  is  figured  and  described  in  Loomis's  Introduction 
to  Practical  Astronomy,  pp.  103 — 106.  The  principal  differ- 
ence between  this  and  the  previous  instrument  is,  that  in  the 
new  form  a  graduated  horizontal  circle  surrounds,  and  is  fixed 
to,  the  supporting  column  at  its  base,  and  has  a  vernier  for 
reading  the  graduation,  with  clamping  and  slow-motion  appa- 
ratus. As  the  circle  moves  with  the  column  about  the  vertical 
axis,  the  repeating  circle  may  by  this  addition  be  used  as  an 
altazimuth  instrument. 
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381.  Different  methods  of  determining  Terrestrial  Longi- 
tude. The  methods  all  depend  on  the  principle  of  finding  the 
mean  solar,  or  sidereal,  time  at  a  certain  reference  meridian 
(which  I  shall  suppose  to  be  that  of  Greenwich),  contem- 
poraneous with  a  given  instant  of  the  mean  solar,  or  sidereal, 
time  at  the  meridian  of  the  place  whose  longitude  is  required, 
the  longitude  being  equal  to  the  difference,  less  than  12h, 
between  the  two  times,  and  named  East  or  West  Longi- 
tude according  as  the  time  of  day  at  the  reference  meridian  is 
earlier  or  later  than  that  at  the  other.  The  various  means 
that  have  been  employed  for  determining  differences  of  longi- 
tude may  be  described  as  follows : — 

(1)  By  the  transfer  of  chronometers.  This  method  requires 
arrangements  to  be  made  for  setting  up  a  transit-instrument 
and  a  sidereal  clock  at  each  of  the  two  stations  whose  difference 
of  longitude  has  to  be  found,  for  the  purpose  of  ascertaining 
by  transit-observations  of  known  stars  the  errors  of  the  two 
clocks  on  the  true  local  sidereal  times.  The  transit-instruments 
should  be  well  adjusted  to  the  respective  meridians,  the 
chronometers  employed  should  each  be  transferred  several 
times  alternately  from  one  station  to  the  other,  and  be  compared 
at  the  beginning  and  end  of  each  transfer  with  the  respective 
clocks  at  the  places  of  starting  and  arrival.  If  sidereal  chrono- 
meters be  used,  the  comparisons  are  to  be  made  by  the 
intervention  of  a  solar  chronometer  (see  Art.  264).  Supposing 
that  the  rates  of  the  chronometers,  well  ascertained  at  the 
same  time,  are  allowed  for,  it  will  be  seen  that  by  these  means 
the  true  sidereal  time  at  one  of  the  places  is  transferred  to  the 
other,  and  that  as  the  difference  of  simultaneous  local  sidereal 
times  is  thus  known,  the  difference  of  the  longitudes  is  deter- 
mined. (See  what  has  been  said  on  this  method  in  Art.  262.) 

By  observations  conducted  on  the  principles  above  stated, 
and  occupying  the  interval  from  the  end  of  June  to  the  end  of 
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September,  1844;  the  Astronomer  Royal  obtained  the  Longitude 
West  from  Greenwich  to  Liverpool,  from  Liverpool  to  Kings- 
town, from  Greenwich  to  Kingstown  directly,  and  from  Kings- 
town to  a  station  in  the  Island  of  Valentia  at  the  western 
extreme  of  Ireland.  For  taking  the  transit  observations  of 
stars  at  Greenwich  and  Liverpool,  the  transit-instruments  of 
the  Observatories  at  those  localities  were  used,  and  for  ob- 
taining like  observations  at  Kingstown  and  Valentia,  traosit- 
instruments  and  sidereal  clocks  were  temporarily  provided,  and 
special  attention  was  given  to  steadiness  of  mounting,  and  to 
the  usual  exact  methods  of  correcting  transit-observations  for 
instrumental  errors.  According  to  the  final  results  the  stations 
at  Liverpool,  Kingstown,  and  Valentia  were  respectively 
llra.598,86,  24m.318,13,  and  41m.23s,12  west  of  Greenwich, 
with  an  average  probable  error  of  08,04.  (All  particulars 
relating  to  these  observations  are  given  in  Vol.  xvi.  of  the 
Memoirs  of  the  Royal  Astronomical  Society,  pp.  55 — 276.) 

(2)  By  Galvanic  Signals.  Supposing  that  the  chrono- 
graphic  method  of  taking  transit-observations  has  been  arranged 
at  two  localities  (see  Arts.  129  and  130),  and  a  galvanic  con- 
nection by  conducting  wire  is  established  between  them,  the 
difference  of  their  longitudes  may  be  obtained  as  follows.  The 
transit  of  a  given  star,  taken  and  recorded  according  to  that 
method  by  means  of  the  transit-clock  and  galvanic  apparatus  at 
the  transmitting  Station,  is  recorded  also  at  the  receiving 
Station  by  noting  the  times,  by  the  transit-clock  of  the 
latter,  of  the  jerks  of  a  galvanic  needle  set  in  motion  by  the 
contacts  made  at  the  instants  of  the  passage  of  the  star  across 
the  transit-wires.  Assuming  that  the  errors  of  the  clocks  on 
the  true  local  sidereal  times  have  been  accurately  determined, 
and  that  the  transmission  of  the  signals  between  the  stations  is 
instantaneous,  each  difference  between  corresponding  recorded 
times  corrected  for  the  clock-errors  is  equal  to  the  difference 
between  simultaneous  local  sidereal  times,  and  is  therefore  a 
determination  of  the  difference  of  the  longitudes.  The  con- 
cluded result  should  be  the  mean  of  all  such  determinations 
derived  from  repeated  series  of  observations.  The  result  may, 
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however,  be  affected  by  difference  of  the  personal  equations 
of  the  observers,  to  obviate  the  influence  of  which  the  series  of 
observations  should  be  repeated  after  an  interchange  of  the 
places  of  the  observers.  Also  it  is  desirable  to  transmit  several 
sets  of  signals  in  equal  numbers  in  opposite  directions,  to 
ascertain  whether  the  transmission  occupies  a  sensible  interval 
of  time,  which  would  be  the  case  if  the  difference  of  longitude 
be  found  to  be  different  for  the  two  directions  of  transmission. 
(See  Arts.  263  and  264.)  For  the  convenience  of  recording  at 
the  receiving  station  each  set  should  be  divided  into  batches  of 
about  six  transmissions,  commencing  at  times  previously  agreed 
upon. 

A  determination  of  the  Longitude  of  the  Cambridge  Obser- 
vatory from  Greenwich  was  made  according  to  the  foregoing 
method  on  May  17  and  May  18,  1853,  being,  I  believe,  the  first 
accomplished  in  this  country  by  such  means.  All  the  above- 
mentioned  precautions  for  ensuring  accuracy  were  attended  to  ; 
but  as  the  galvanic  connection  with  Greenwich  did  not  extend 
beyond  the  Cambridge  Telegraph  Station  of  the  Great  Eastern 
Railway,  the  Cambridge  times  of  sending  and  receiving  signals 
were  recorded  at  that  Station  by  chronometers,  which  before 
leaving  and  after  returning  to  the  Observatory  were  compared 
with  the  Transit-clock.  The  clock-errors  were  obtained  by  two 
independent  methods.  In  one,  the  errors  were  deduced  in  the 
usual  way  from  the  apparent  R.A.  of  fundamental  stars  in- 
cluded in  the  respective  lists  that  were  in  use  at  the  two  Obser- 
vatories, excepting  that  the  adopted  mean  R.A.  1853,0  of  the 
stars  observed  at  Cambridge  were  all  the  same  as  their  mean 
R.A.  in  the  Greenwich  list.  In  the  other  method  the  clock-errors 
were  inferred  from  transit-observations  of  identical  stars  taken 
by  the  two  observers  on  the  nights  of  May  17  and  18,  both 
before  and  after  recording  the  signal  times,  the  observers 
changing  places  after  the  first  night.  In  calculating  the 
difference  of  the  simultaneous  sidereal  times,  the  same  apparent 
R.A.,  derived  from  the  Greenwich  Twelve-year  Catalogue,  were 
used  both  for  the  Greenwich  and  the  Cambridge  transits,  in  con- 
sequence of  which  this  process,  while  it  increased  the  number  of 
c.  24 
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available  stars,  was  not  affected  by  small  errors  in  their  assumed 
apparent  RA.  The  mean  results  of  the  two  methods  differed  by 
only  Os,001.  The  final  result  of  these  calculations  gave  for  the 
Longitude  of  the  Cambridge  transit-instrument  23S,027  East. 
Subsequently  (in  1854),  I  applied  a  correction  derived  from 
a  computation  of  the  effects  of  the  forms  of  the  pivots  according 
to  the  formulae  obtained  and  exemplified  in  Arts.  93 — 102, 
whereby  the  Longitude  East  was  altered  to  229,753,  which  is 
less  by  Os,79  than  the  value  previously  obtained  by  transfer  of 
chronometers1. 

The  difference  of  Longitude  between  the  Greenwich  and  Paris 
Observatories  was  determined  by  operations  carried  on  from 
May  26  to  June  4,  and  from  June  12  to  June  24,  1854,  which 
closely  resembled  those  described  above  as  regards  both  the 
galvanic  signalling  and  the  transit-observations,  excepting  that 
there  was  direct  galvanic  communication  between  the  two 
Observatories.  The  observers  were  M.  Faye  and  Mr  Dunkin, 
and  it  resulted  from  their  observations  that  the  Longitude  of 
the  Paris  Observatory  is  9m.  20s, 63  East  from  Greenwich,  which 
is  about  08,9  less  than  the  value  which  had  been  previously 
accepted.  (The  particulars  of  this  determination  are  given  in 
Vol.  xxxix.  of  the  Comptes  Rendus,  1854,  pp.  552 — 566.) 

(3)  By  observations  of  Lunar  Distances.  This  method  of 
finding  the  Longitude  is  practicable  on  ship-board,  and  is 
specially  important  in  long  voyages.  It  is  mainly  applied  in 
determining  from  time  to  time  the  error  of  a  chrono- 
meter which  should  shew  the  navigator  Greenwich  mean 
time.  We  have  already  considered  in  what  way  the  Sextant 
is  employed  for  measuring  the  great-circle  arc  between  the 
Moon's  bright  Limb  and  either  a  bright  star,  or  the  Limb  of  the 
Sun  or  a  Planet,  and  how  by  applying  corrections  for  refraction, 
semi-diameters,  and  parallaxes,  the  geocentric,  or  reduced  dis- 
tance between  the  two  objects  is  obtained.  It  remains  to  state 

1  This  account  of  the  process  employed  for  obtaining  the  Longitude  of  the 
Cambridge  Observatory  by  galvanic  signals  is  intended  to  be  supplementary  to 
the  statements  made  in  Arts.  263  and  264.  For  full  details  see  Vol.  ix.,  pp.  487— 
514,  of  the  Cairib.  Phil.  "Transactions. 
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the  process  by  which  the  longitude  of  the  spot  where  the 
observation  was  taken  is  thence  inferred.  This  is  done  by 
means  of  the  Tables  of  Lunar  Distances  from  certain  bright 
stars,  and  from  the  centres  of  the  Sun  and  bright  Planets,  given 
in  the  Nautical  Almanac  .  for  every  third  hour  of  Greenwich 
mean  time  each  day  of  every  month,  the  calculation  of  the 
distances  being  made  according  to  the  Lunar  Theory,  and  the 
places  of  the  objects  selected  for  such  calculation  being  well 
known,  and  convenient  for  observation  of  the  distances.  The 
G.  M.  T.  corresponding  to  the  reduced  lunar  distance  may  then  be 
inferred  from  the  calculated  value  nearest  that  distance  by  a 
simple  proportion,  supposing  the  Moon's  motion  to  be  uniform 
during  an  interval  of  3h.  If,  however,  the  results  obtained  by 
first  differences  be  not  sufficiently  accurate,  the  calculations 
may  be  carried  to  second  differences  by  the  following  formula 
adapted  to  this  case  from  the  known  general  formula  of  inter- 
polation. Let  D  be  the  lunar  distance  reduced  from  the 
observations,  D19  D2,  D3  three  consecutive  tabular  distances,  of 
which  Z>2  is  the  nearest  to  D,  and  let  tz  -  3h,  £2,  tz  +  3h  be  the 
corresponding  Greenwich  Mean  Times.  Then  if  t  be  the  re- 
quired G.  M.  T.  the  interpolated  value  is  given  by  the  equation 


-  DJ  (Da  - 


as  may  be  readily  verified  by  substituting  separately  Z>t  and  Z>3 
for  D.  The  longitude  results  from  the  difference  between  t  and 
the  local  mean  time  of  the  measure. 

EXAMPLE.  Let  it  be  required  to  find  the  G.  M.T.  at  which  the 
reduced  distance  between  the  Moon's  centre  and  a  Aquilse  was 
39°  50'  31"  on  March  15,  1879. 

By  data  in  the  Nautical  Almanac,  t2  is  midnight  of  March  15, 
Dl  =  40°  25'  44",  D2  =  39°  21'  6",  D3  =  38°  18'  49".  Hence  as  D  =  39° 
50'  31",  we  get  D-Dl  =  -  2113",  D-  D2=  1765",  D  -  D3  =  5502", 
D3-D^-  7615",  D3-Da  =  -  3737",  Dl  -  Da  =  3878".  The  remainder 
of  the  calculation  may  be  conducted  by  five-figure  logarithms  as 
follows  : 

24—2 
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L.  (£3-  A)  =  3,88167  n  L.  (Dl  - D2)  =  3,58861 

L.  (Da-D2)  =  3,57252 n  L.  (D3 - DJ  =  3,88167 n 

L.  (D3  -  D,)  (Da  -  Da)  =  7,45419  L.  (Dl  -  Ds)  (Da  -  DJ  =  7,47028  n 

A.C.     „  „        =2,54581  A.C.     „  „        =  2,52972  n 

L.  (D  -  &J  =  3,32490  n  L.  (D-  Da)  =  3,24674 

L.  (D  -  D2)  =  3,24674  L.  (D  -  J)3)  =  3,74052 

L.  10800s  =  4,03342  L.  10800s  =  4,03342 

Sum  ( =  L.  -  14158,4)  =  3,15087  n  Sum  ( =  L.  -  3551s, 4)  =  3,55040  n 

.-.  G.M.T.  =  March  15,  12h-1415s,4-  3551S,4, 
=  March  15,  10h  37m  13s. 

This  example  is  calculated  in  p.  509  of  the  Naut.  Aim.  for 
1879,  and  the  resulting  G.M.  T.  is  March  15,  10h.  37m.  198., 
which,  if  not  as  accurate  as  that  obtained  by  the  preceding 
calculation,  has  the  advantage  of  having  been  computed  accord- 
ing to  rules  which  dispense  with  using  +  and  —  signs. 

(4)  By  observations  of  occupations  of  stars  and  planets  by 
the  Moon.  These  phenomena  have  been  under  consideration  in 
Arts.  312 — 314,  where  it  is  shewn  that  by  calculations  founded 
on  a  noted  time  of  the  disappearance  or  reappearance  of  a  star  or 
planet  at  the  Moon's  Limb,  an  equation  of  condition  can  be 
formed  involving,  as  unknown  quantities,  corrections  of  the 
adopted  R.  A.  and  P.  D.  of  the  bodies  and  of  assumed  semi- 
diameters  and  parallaxes,  together  with  corrections  of  the 
assumed  latitude  and  longitude  of  the  place  of  observation. 
For  the  use  of  such  an  equation  in  determining  terrestrial 
longitude,  it  is  necessary  to  deduce  subsequently,  from  the 
results  of  Meridian  Observations  (as  those  of  Greenwich),  and 
from  other  independent  means,  all  the  corrections  except  that 
of  the  assumed  longitude,  in  order  that  the  equation  may  give 
this  correction  and  thereby  the  required,  longitude.  It  is, 
however,  to  be  remarked  that  the  calculation  of  the  equation  of 
condition  implies  that  an  approximate  value  of  the  longitude  is 
already  ascertained,  as  by  the  observation  of  a  lunar  distance  at 
the  same  place,  or  other  available  means.  Supposing  the  local 
sidereal  time  of  the  occultation  to  be  well  ascertained,  and  one 
or  more  observations  of  lunar  distances  to  be  taken  about  the 
same  time,  the  observer  may  proceed  to  calculate  an  approxi- 
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mate  longitude  by  the  foregoing  method  (3).  The  observa- 
tions may  be  made  either  on  land  or  ship-board ;  but  in  the 
latter  case  there  must  be  at  least  one  observation  of  lunar 
distance  not  long  before  the  occultation,  and  one  of  the  same 
star  not  long  after,  and  from  each  the  geocentric  lunar  distance 
is  to  be  calculated  in  the  usual  way,  in  order  to  deduce  by 
interpolation  the  geocentric  lunar  distance  at  the  time  of  the 
occultation.  After  obtaining  by  such  means  a  value  of  the 
longitude  sufficiently  approximate  for  calculating  the  equation 
of  condition,  and  correcting  this  approximation  by  means  of 
that  equation  as  shewn  above,  the  resulting  longitude  is  likely 
to  be  much  more  exact  than  one  obtained  directly  by  a 
measured  lunar  distance,  inasmuch  as  in  the  case  of  the 
occultation  the  lunar  distance,  being  the  Moon's  semi-diameter, 
is  accurately  known.  The  method,  as  applied  at  sea,  gives  the 
longitude  of  the  spot  at  which  the  time  of  the  occultation  was 
noted,  independently  of  the  change  of  the  Moon's  place  and  the 
ship's  way,  if  both  motions  be  uniform  in  the  interval  between 
the  observations  of  the  lunar  distances.  (See  for  details  of 
calculation  the  Appendix  of  the  Naut.  Aim.  of  1854.) 

(5)  By  transit-observations  of  the  Moon  and  Moon-culmi- 
nating Stars.  Stars  are  designated  as  moon-culminating,  when 
they  are  near  the  Moon's  parallel  of  Declination,  and  have 
Right  Ascensions  not  much  differing  from  the  Moon's.  From 
transits  of  stars  so  situated,  taken  together  with  a  transit  of  the 
Moon's  bright  limb,  across  the  meridians  of  two  places  on  the 
same  day,  the  difference  of  the  Longitudes  of  the  two  places 
may  be  calculated  on  the  following  principles.  On  account  of 
the  variation  of  the  Moon's  R.  A.,  the  interval  between  the 
transit  of  a  given  star  and  the  Moon's  Limb  will  be  different  at 
the  two  meridians,  and  the  difference  will  be  equal  to  the 
change  of  R.  A.  of  the  bright  limb  in  the  interval  between  its 
transits.  Now  that  change  is  obtained  by  comparing  the 
intervals  between  the  transits  of  star  and  limb  at  the  two 
places;  and  since  the  Variation  in  Right  Ascension  of  the 
Moon's  bright  limb  in  the  interval  between  transits  across  two 
meridians  equidistant  from  Greenwich,  and  one  hour  distant 
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from  each  other,  is  given  in  the  Naut.  Aim.  for  the  Upper  and 
Lower  Culminations  (being  derived  from  data  furnished  by  the 
Lunar  Theory),  it  follows  that  the  difference  of  the  Longitudes 
may  be  inferred  from  a  simple  proportion.  If,  however,  the 
difference  so  found  be  large,  the  calculation  should  be  repeated 
with  the  value  of  the  variation  of  the  R.  A.  of  the  Limb  in  one 
hour  of  Longitude  corresponding  to  the  middle  of  the  interval 
between  the  observations,  which  value,  since  the  epoch  would 
be  sufficiently  known  by  the  result  of  the  first  approximation, 
might  be  obtained  by  interpolation  to  the  second  order  from 
values  given  in  the  Naut.  Aim. 

This  method,  as  being  differential,  is  independent  of  small 
errors  in  the  places  of  the  Moon  and  Stars.  It  is  also  applicable 
when  the  two  localities  are  far  apart.  For  instance,  moon-cul- 
minations observed  at  the  Cambridge  Observatory  have  been 
supplied  for  determining  by  means  of  corresponding  observations 
the  Longitudes  of  places  in  Chili. 

(6)  By  observations  of  Eclipses  of  Jupiter's  Satellites.  The 
Naut.  Aim.  gives,  as  results  of  theoretical  calculation,  the 
configuration  of  the  Satellites  every  day  on  which  they  are 
visible  from  the  earth,  the  G.  M.  T.,  to  the  nearest  minute,  of 
Disappearance  and  Reappearance  in  occultations,  of  Ingress 
and  Egress  in  transits  of  Satellites  and  shadows  of  Satellites 
across  the  Planet's  disk,  and  the  G.  M.  T.,  to  the  nearest  second, 
of  the  Disappearance  and  Reappearance  of  a  Satellite  in 
Eclipses.  Although  the  theoretically  calculated  times  of  Dis- 
appearance and  Reappearance,  and  especially  the  observed 
times,  cannot  be  supposed  to  be  very  accurate  in  eclipses,  such 
observations  afford  the  navigator  a  ready  means  of  at  least 
approximating  to  his  longitude,  requiring  only  a  comparison  of 
the  local  mean  times  of  the  phenomena  with  the  times 
computed  in  the  Naut.  Aim.  Observations  of  these  eclipses 
should  therefore  receive  attention  from  voyagers  and  explorers. 
As  the  phenomena  of  the  eclipses,  as  seen  from  different  places 
on  the  earth's  surface,  occur  sensibly  at  the  same  instants,  dif- 
ferences of  longitude  may  be  inferred  from  the  times  of  the 
same  phenomenon  as  recorded  at  two  or  more  places;  but  in 
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that  case  the  circumstances  of  the  observations,  as  regards  the 
powers  of  the  telescopes  and  atmospheric  conditions,  should  be, 
as  nearly  as  may  be,  the  same.  At  the  Greenwich  Observatory 
the  eclipses  are  constantly  observed,  and  the  mean  times  of 
Disappearance  and  Reappearance  strictly  calculated;  whence 
by  comparisons  with  the  mean  times  of  identical  phenomena  at 
other  localities,  the  longitudes  of  these  from  Greenwich  may  be 
inferred  with  greater  certainty  than  by  comparison  with  the 
theoretical  times.  The  method,  however,  of  comparison  of 
observed  times  is  not,  like  the  other,  available  on  the  spot,  an 
interval  necessarily  intervening  before  the  comparison  can  be 
made.  The  other  phenomena  above  mentioned  can  scarcely  in 
any  instance  be  observed  with  the  optical  means  on  ship-board 
accurately  enough  for  determinations  of  longitude ;  on  which 
account  the  data  in  the  Naut.  Aim.  only  serve  to  indicate 
approximately  the  times  of  their  occurrence  for  observations  on 
land.  At  Greenwich  these  observations  are  made  and  reduced 
in  the  same  manner  as  those  of  the  eclipses,  because  the  reduced 
times  may  be  employed  for  correcting  the  theoretical  calculation 
of  the  motions  of  the  Satellites. 

(7)  By  Trigonometrical  Surveys.  The  principles  of  this 
method  have  already  been  exemplified  by  the  process,  explained 
in  Arts.  366 — 369,  for  determining  by  means  of  a  Theodolite 
and  Gunter's  chain  the  difference  of  longitude  between  the 
transit-instrument  of  the  Cambridge  Observatory  and  the 
Museums'  Clock.  For  complete  information  respecting  the 
triangulations  employed  in  large  surveys  for  ascertaining 
relative  geographical  positions,  and  the  use  made  of  the  Trans- 
portable Zenith  Sector  for  that  purpose  (Arts.  352  and  353), 
the  published  accounts  of  the  Trigonometrical  Surveys  of  Great 
Britain  and  Ireland,  and  of  the  Great  Trigonometrical  Survey 
of  India,  ought  to  be  consulted.  I  shall  here  only  add  the 
remark,  that  at  the  request  of  the  Astronomer  Royal,  Col.  Colby 
ascertained,  by  connecting  a  secondary  triangulation  with  the 
principal  one,  the  geodetic  value  of  the  difference  of  longitude 
between  Greenwich  and  the  Island  of  Yalentia,  for  comparison 
with  the  value  obtained  by  transfer  of  chronometers,  and  that 
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the  chronometric  value  was  found  to  exceed  the  geodetic  value 
by  not  more  than  08,16,  the  earth's  polar  radius  being  taken  to 
be  20,853,810  feet  and  the  equatorial  radius  20,923,713  feet. 
It  was  concluded  by  Mr  Airy  from  the  results  of  comparing  the 
measures  by  the  two  methods  of  the  arcs  mentioned  in  Art. 
381  (1),  that  no  improvement  can  be  made  in  the  assumed 
elements  of  the  earth's  figure,  and  that  consequently  the  length, 
101*6499  feet,  of  an  arc  of  1"  perpendicular  to  the  meridian  in 
latitude  51°.  40'  deduced  from  those  elements,  may  be  accepted 
as  a  very  certain  geodetical  datum.  (See  Memoirs  of  the  R> 
Ast.  Soc.,  Vol.  XVL,  pp.  277—289.) 

382.  Solar  Parallax.     The  Sun's  Horizontal   Parallax  at 
any  place  is  the  ratio,  in  seconds  of  arc,  of   the  distance  of 
the  place  from  the  earth's  centre  to  the  mean  distance  of  the 
earth  from  the  Sun.     If  the  place  be  at  the  Equator,  the  ratio 
is   Equatorial   Horizontal   Parallax.     Hence   to   calculate   the 
horizontal  parallax  for  any  given  place,  it  is  first  of  all  necessary 
to   know   the   earth's   figure   and  dimensions.     These  are  ob- 
tainable by  such  operations  and  calculations  as  those  referred  to 
in  Art.  381  (7),  which  rest  on  the  principle  of  combining  results 
of  geodetical  and  astronomical  observations   with   information 
derived  from  theoretical  calculation  on  the  hypothesis  of  gravi- 
tation.    But  to  deduce  therefrom  with  exactness  the  parallactic 
angle,   and   thence  the  value,  in  miles,   of  the   earth's   mean 
distance   from   the    Sun,    (which   is    the   dimensional   unit   of 
the  Solar  System),  is  a  problem  of  much  difficulty  on  account 
of  the  smallness  of  that  angle,  and  various  methods  of  solving 
it  have  been  proposed.     As  I  have  already  in  Arts.  308  and  309 
treated   of  the  determination  of  solar  parallax  by   means   of 
observations   of  the   planet   Mars   in   opposition,  I  shall  here 
only  take   account   of  the  methods  of  employing  observations 
of    Transits  of   Venus   across    the    Sims   disk  for   the   same 
purpose. 

383.  This  method,  which  is  the  one  that  has  been  chiefly 
relied  upon  for  calculating  the  Sun's  parallax,  is  only  available 
at  epochs  separated  by  irregular  intervals.     According  to  the 
results  of  calculations  in  Delambre's  Astronomy  (Vol.  IL,  Chap. 
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xxvii.),  the  intervals  are  8  years,  121 J  years,  and  105 J  years, 
the  longer  intervals  alternating  with  the  short  interval,  and 
occurring  alternately.  The  observations  at  any  place  consist 
essentially  of  recording  as  exactly  as  possible,  in  local  times, 
the  instants  of  external  contact  of  the  limbs  of  the  Sun  and 
Planet  and  complete  immersion  of  the  Planet,  and  the  instants 
of  internal  contact  and  complete  emersion.  The  notes  of  time 
are  rendered  somewhat  uncertain  by  the  formation  of  what 
is  called  the  black  ligament,  or  drop,  which  is,  apparently,  a 
diffraction  phenomenon,  and  in  greater  or  less  degree  according 
to  Telescopic  and  atmospheric  (perhaps,  also,  physiological)  con- 
ditions interferes  with  discerning  at  what  instants  the  two  limbs 
have  actually  a  common  tangent.  (The  phenomenon  can  be 
produced  by  artificial  representation  of  the  disks  and  relative 
motion  of  the  Sun  and  Planet,  by  which  means  an  approximation 
might  possibly  be  made  to  the  correction  which  an  observer 
should  apply  on  this  account  to  his  noted  time  of  observation 
in  the  case  of  the  natural  phenomenon1.)  As  respects  the 
principles  on  which  the  calculation  of  the  parallax  from  data 
furnished  by  any  observations  of  a  Transit  of  Venus  should 
be  conducted,  and  the  circumstances  determining  the  selection 
of  the  most  favourable  places  of  observations  in  the  instances  of 
the  Transits  of  1874  and  1882,  I  cannot  do  better  than  refer 
the  student  to  the  Article  by  the  Astronomer  Royal  in  the 
Monthly  Notices  of  the  E.A.S.  (Vol.  xvn.,  No.  7,  p.  208), 
which  has  been  already  cited  in  a  note  to  Art.  309  (p.  302) 
relatively  to  observations  of  Mars  for  determining  solar  parallax. 
I  shall  only  add  here  an  account  of  the  process  of  obtaining 
analytical  formula  of  calculation  appropriate  to  any  instance  of 
an  observed  Transit  of  Venus,  adopting  for  that  purpose,  and  in 
certain  respects  correcting,  the  investigation  given  in  Wood- 
house's  Astronomy,  Vol.  I.,  Part  II.,  Chap,  xxxvm2. 

1  See  an  article  on  this  subject  by  Prof.  Simon  Newcomb  in  the  M.  N.  of  the 
K.  A.  S.,  Vol.  xxxvii.,  No.  5,  p.  237. 

2  Transits  of  Mercury  occur  much  more  frequently  than  those  of  Venus,  but 
on  account  of  the  small  difference  between  his  parallax  at  conjunction  and  that  of 
the  Sun,  they  are  comparatively  useless  for  determining  the  solar  parallax.    (Sec, 
on  the  Transits  of  both  planets,  Godfray's  Astronomy,  Chap,  xxn.,  Arts  349—351). 
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384.  Let  T  be  the  Greenwich  Mean  Time  of  the  conjunction  in 
longitude  of  Yenus  and  the  Sun,  as  deduced  from  the  theoretical  Tables 
of  their  motions,  or  from  data  contained  in  the  Nautical  Almanac, 
and  let  10  be  their  common  geocentric  longitude,  and  X0  the  geocentric 
latitude  of  Yenus,  at  that  time.  Suppose  also  the  horary  variations 
of  the  longitudes  of  Yenus  and  the  Sun  to  be  m  and  m',  and  the 
horary  variation  of  the  latitude  of  Yenus  to  be  n,  as  gathered  for 
the  same  time  from  the  same  Tables.  Then  if  S  and  s  be  the  con- 
temporaneous semi-diameters  of  the  Sun  and  Planet,  and  T  +  1  be 
the  time  of  any  contact  of  limbs  as  seen  from  the  earth's  centre,  we 
shall  have  very  nearly 

(mt  -  m't)2  +  (X0  +  nt)2  =  (S*  s)2, 

according  as  the  contact  is  external  or  internal.    From  this  quadratic 
equation,  by  taking  account  of  the  double  sign,  four  values  of  t  may 
be  obtained,  two  applying  to  the  external  contacts,  and  two  to  the 
internal.     If  t  be  now  taken  to  represent  one  of  these  values,  and  if 
1  =  1Q  +  mtj  I'  =  1Q  +  m't,  and  X  =  X0  +  nt,  it  follows  that 
(l-l'y  +  \*=(S±s)2  ......  (a) 

according  as  t  applies  to  an  external  or  internal  contact.  The  values 
of  I,  I',  and  X,  which  suppose  the  spectator  to  be  at  the  earth's  centre, 
may  either  be  inferred  from  the  above  equalities  for  any  of  the  given 
values  of  t,  or,  as  is  preferable,  be  directly  computed  from  the  Tables 
for  any  of  the  known  epochs  T+  t.  To  obtain  an  equation  applicable 
to  the  case  of  an  observation  made  at  any  given  place  on  the  earth's 
surface,  the  parallaxes  of  the  Planet  and  Sun  in  longitude  and 
latitude  have  to  be  taken  into  account.  Let  a,  a'  be  their  respective 
parallaxes  in  longitude,  and  8,  8'  the  parallaxes  in  latitude,  and 
putting  T'  for  T+t,  assume  T'  +  t'  to  be  the  Greenwich  M.T.  of 
observation.  Then  the  apparent  distance  between  the  centres  at 
that  time  is  the  hypothenuse  of  the  triangle  the  sides  of  which 
are 

l-l'  +  (m-m'}  t'-(a-a!}  and  X  +  nt'  -  (S  -  8'). 

Hence,  rejecting  the  squares  and  products  of  the  small  quantities 
a—  a,  8  —  8',  and  t',  and  equating  the  sum  of  the  squares  to  (S±  s)2, 
it  will  be  found,  after  taking  account  of  the  equation  (a),  that 


(I  -  I')  (m  -  me)  +  \n 
This  equation  may  be  further  simplified  as  follows.     If  P  and  P  be 
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the  equatorial  horizontal  parallaxes  of  Venus  and  the  Sun  at  the 
time  of  the  observation,  and  if  a  =  aP,  a'  —  a'P',  we  shall  have 
a  -  a'  =  aP  —  a'P  =  a(P  —  P')  —  (a!  —  a)  P,  which  is  very  nearly  equal 
to  a  (P  —  P'),  because  a  and  a'  must  be  nearly  equal  on  account  of 
the  apparent  proximity  of  the  two  bodies.  So  if  8  =  bP  and  8'  =  b'P  ', 
8  -  §'  =  1)  (P  —  P')  very  nearly.  Consequently 


-  ,  ,       f(         p 

=  (l-l')(m-m')  +  XnX(P     *>='" 

Suppose  the  observation  to  give  //  for  the  local  time  of  contact. 
Then  if  L  be  the  Longitude  East  of  the  place  of  observation,  the 
Greenwich  mean  time  of  the  observation  is  II  —  L.  Hence 


.-.f(P-P')=H-L-T'. 

Such  an  equation  as  this  is  furnished  by  each  of  the  two  notes  of 
time  both  at  ingress  and  at  egress.  Hence  if/*,  fflt  ^T/and^,  H2,  Ts' 
represent  respectively  the  means  of  the  two  values  at  ingress  and 
egress,  we  shall  have 

fi(P-P)  =  H}-L-Fi' 
and  f,(P-P)  =  ff,-I,-T.'. 

From  either  of  these  equations  P  —  P'  may  be  calculated  when  L  is 
known.  Hence  as  the  ratio  of  P  to  P'  is  known  from  the  Tables, 
the  value  of  P,  the  Sun's  parallax  at  the  time  of  observation,  may 
be  inferred,  and  thence,  by  the  Solar  Theory,  the  parallax  at  the 
earth's  mean  distance  from  the  Sun  be  deduced.  This  is  Delisle's 
method)  which  is  applicable  when  only  the  ingress,  or  only  the  egress, 
is  observed  at  any  place,  but  requires,  as  we  see,  an  exact  knowledge 
of  the  longitude  of  the  place.  A  good  result,  however,  may  be 
looked  for  from  the  mean  of  a  large  number  of  such  determinations. 
When  both  the  ingress  and  the  egress  are  observed  at  the  same 
place,  we  get,  by  subtracting  one  equation  from  the  other, 

(/,  -/2)  (P  -  f)  =  fl;  -  *.  -  (zy  -  ay), 

from  which  L  is  eliminated.  The  deduction  of  the  solar  parallax  by 
means  of  this  equation  may  be  made  in  the  manner  just  shewn. 
This  is  Halley's  method,  which  is  preferable  to  the  other  in  not 
requiring  an  exact  determination  of  the  longitude  of  the  place  of 
observation,  but  is  generally  available  on  the  occasion  of  any  Transit 
in  only  a  few  localities.  The  formula  involves  in  an  important 
manner  H^  —  7/2,  the  duration  of  the  Transit. 
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385.  The  following  particulars  are  mentioned  for  the  pur- 
pose of  giving  information  respecting  the  actual  state  of  the  de- 
termination of  the  Sun's  parallax.  From  the  Transits  of  Venus 
observed  in  1761  and  1769,  especially  the  latter,  Professor  Encke 
obtained  8",  5776  for  the  mean  parallax,  giving  for  the  Earth's 
mean  distance  from  the  Sun  about  95  millions  of  miles.  This 
value  was  adopted  in  successive  Nautical  Almanacs,  till  in  that 
for  1870  it  was  changed  to  8",95,  which  is  the  value  indicated 
by  Leverrier  in  p.  114  of  his  Solar  Tables  published  in  1858  in 
Vol.  IV.  of  the  Annals  of  the  Imperial  Observatory  of  Paris. 
This,  again,  is  changed  to  8",848  in  the  Nautical  Almanac  for 
1882,  from  the  result  of  calculations  by  Professor  Newcomb 
contained  in  the  Vol.  of  the  Washington  Observations  for  1865, 
Appendix  II.,  p.  29.  A  Report  to  Parliament  of  the  results  as 
to  the  Solar  Parallax  derived  from  the  Telescopic  observations 
made  in  the  British  Expedition  for  observing  the  Transit  of 
Venus  on  Dec.  8,  1874,  was  prepared  by  the  Astronomer  Royal 
in  1877  and  printed  the  same  year.  From  the  contents  of  this 
Report,  and  from  supplementary  considerations  published  in  the 
Monthly  Notices  of  the  R.  A.  S.,  Vol.  xxxvui.,  No.  1,  pp.  11 — 16, 
he  concludes  that  the  most  complete  result  obtainable  from 
these  observations  is  a  mean  parallax  of  8",754  corresponding  to 
a  mean  distance  from  the  Sun's  centre  equal  to  93,375,000  miles. 
In  p.  199  of  the  same  Vol.,  Captain  Tupman,  who  was  at  the 
head  of  the  British  Expedition,  gives  8",76,  subject  to  future 
correction,  for  the  general  result  of  the  comparison  of  similar 
phases  observed  at  different  localities.  Mr  Stone,  who  has  given 
particular  attention  to  the  influence  which  the  phenomenon  of 
the  black-drop  might  have  had,  on  the  observations  of  1769, 
arrived  at  8",897  ±  0",020  as  the  mean  of  the  several  results 
given  by  observations  of  Mars  in  1862,  the  Earth's  parallactic 
inequality,  the  Moon's  parallactic  inequality,  and  a  rediscussion 
of  the  Transit  of  Venus  observations  of  1769.  Finally  he  de- 
duces from  a  comparison  of  Contacts  in  the  observations  of  1874 
the  result  8",88  +  0",02,  which  he  considers  to  be  the  value  en- 
titled at  present  to  the  greatest  weight.  (See  M.  N.  of  the 
R.  A.  S.,  Vol.  xxxvni.,  pp.  279—295  and  pp.  341—346.)  From 
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the  observations  of  Mars  in  1862  Dr  Winnecke  obtains  8",96, 
and  Professor  Newcomb  8",855.  Hansen's  deduction  from  the 
Moon's  parallactic  inequality  is  8",916.  The  experimental  de- 
termination of  the  velocity  of  light  by  M.  Cornu  leads  to  8",86. 
As  a  parallax  of  8", 89  corresponds  to  a  mean  distance  equal  to 
91,940,000  miles,  it  will  be  seen  that  all  the  modern  determina- 
tions give  a  smaller  mean  distance  than  that  obtained  by  Encke. 
It  would  be  premature  to  calculate  from  them  a  definitive  value 
because  the  photographic  observations  have  not  yet  been  fully 
scrutinized,  and  it  is  desirable  to  include  the  information  that  may 
be  gained  from  the  Transit  of  Venus  on  Dec.  6, 1882,  which,  it  is 
expected,  will  be  more  favourable  for  good  results  than  that  of  1874 
386.  Reticles.  A  Telescope  mounted  on  a  stand,  without 
apparatus  for  moving  it  about  a  fixed  axis,  may  be  used  for  ob- 
serving differences  of  K.  A.  and  P.  D.  between  a  known  star  and 
any  other  object,  if  at  its  focal  distance,  it  has  either  a  reticle 
formed  of  straight  wires  enclosed  in  a  circular  boundary,  or  a 
Ring  Micrometer.  Figure  57  represents  various  arrangements 
for  this  purpose.  In  every  case  the  observations  are  made  by 
recording  the  times  by  a  clock  or  chronometer  of  transits  at 
straight  lines  or  circular  edges. 


387.     Fig.  57  (1)  shews  the  form  of  the  reticles  employed  by 
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Lacaille  at  the  Cape  of  Good  Hope  for  obtaining  the  places  of  the 
stars  in  his  Gcelum  Australe  Stelliferum1.  The  reticles  had  the 
shape  of  a  rhombus,  three  sides  of  which  were  fine  wires,  and  the 
fourth  was  the  straight  edge  of  a  brass  plate.  The  opposite 
angles  were  joined  by  wires,  and  the  longer  diagonal  was  equal 
to  the  diameter  of  the  circular  boundary  of  the  field,  while  the 
shorter  was  of  different  lengths  in  different  reticles,  according  to 
the  distances  of  the  star-zones  from  the  Pole.  In  the  majority  of 
Lacaille's  observations  the  shorter  diagonal  oh  was  equal  to  the 
radius  of  the  circle.  By  the  construction  the  two  diagonals  were 
at  right  angles  to  each  other  and  C  the  point  of  intersection  was 
at  the  centre  of  the  field.  AE  is  a  diametral  wire  formed  by 
the  prolongation  of  ab  both  ways.  The  reticle  could  be  turned 
by  hand  about  the  axis  of  the  Telescope,  and  the  only  adjustment 
preliminary  to  the  observations  was  to  place  the  diameter  ^4^  in 
coincidence  with  the  path  of  a  star  through  the  field,  in  which 
case  the  other  diagonal  coincides  with  the  circle  of  declination 
through  C.  Suppose  now  repeated  transits  of  stars  to  be  taken 
at  the  points  A,  a,  C,  b,  E,  for  the  purpose  of  determining  exactly 
the  ratios  of  CA  to  (7a,  and  of  CE  to  Cb,  and  let  the  mean  of 
the  ratios  so  found  be  m.  This  being  premised,  let  the  obser- 
vations give  the  times  of  transit  of  the  known  comparison-star 
at  u,  t,  s,  and  those  of  the  compared  object  at  u,'  t',  s'.  Then  if 
the  mean  of  the  former  times  be  T,  and  the  mean  of  the  latter 
be  T'j  the  algebraic  excess  of  the  K.A.  of  the  compared  object 
above  that  of  the  star  is  T'—  T,  and  as  the  latter  R.  A.  is  known 
the  former  is  immediately  inferred.  Again,  let  T  be  the  mean 
of  the  intervals  occupied  by  the  passage  of  the  comparison- star 
along  ut  and  ts,  andr'  the  mean  of  the  intervals  occupied  by 
the  passage  of  the  other  object  along  ut'  and  t's,  the  intervals 
in  both  cases  being  derivable  from  the  transit-observations. 
Now  the  ratio  of  Ct  to  Cb  —  ut  is,  by  similar  triangles,  equal  to 
the  ratio  of  the  radius  of  the  circle  to  Cb,  that  is,  the  ratio 
m.  Hence  Ct=m(Cb-ut).  So  Ct'  =  m(Cb  -  ut').  Hence 
tf  (=  Ct—Ct')=m  (ut'  —  ut).  But  ut  and  ut'  in  arcs  of  a  great 

1  A  reduction  to  1750,0  of  the  star-places  of  this  Catalogue,  in  number  9766, 
was  undertaken  by  a  Committee  of  the  British  Association,  and  published  in  1847. 
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circle,  are  respectively  equal  to  15  r  cos  8  and  15r'  cos  8',  8  and  8' 
being  the  declinations  of  the  two  objects.  Consequently  tt'  the 
difference  of  the  declinations  is 

15m  (T  cos  8'  —  r  cos  8)  =  15m  (T  —  T)  cos  8t 

very  nearly,  if  8t  be  the  mean  between  8  and  the  value  of  8' 
derived  from  a  first  approximation  to  the  value  of  8  —  8'.  It  has 
here  been  supposed  that  the  two  objects  pass  in  the  upper 
half  of  the  field,  and  that  Ct  is  greater  than  Ct'.  If  they 
pass  in  different  halves  the  difference  of  the  declinations  is 
15m  (T'  +  T)  cos  8r  We  may  hence  derive  the  following  general 
rule: — The  difference  of  the  P.D.  is  \^>m(rf~r)  cos  81?  or 
15m  (T'  +  T)  cos  81?  according  as  the  objects  cross  in  the  same  or 
different  halves  of  the  field,  and  in  all  cases  the  P.D.  of  the 
compared  object  is  equal  to  that  of  the  other  +  the  difference, 
according  as  it  is  the  higher  or  lower  in  crossing  the  field  of  an 
inverting  Telescope.  . 

388.  Fig.  57  (2)  gives  the  form  of  Valtz's  reticle.  Two 
parallel  wires,  which  are  chords  of  the  circular  field  of  view,  are 
separated  by  arcs  of  60°,  so  that  the  distance  between  them  is 
equal  to  the  radius  of  the  circle.  Two  contrary  ends  of  the 
chords  are  joined  by  a  diametral  wire,  which,  consequently, 
makes  an  angle  of  30°  with  each  chord;  and  a  second  diametral 
wire  AE,  passing  through  their  middle  points,  cuts  both  at  right 
angles.  The  latter  wire  is  used  for  adjusting  the  reticle,  just  as 
in  the  case  of  Lacaille's  reticle  (Art.  387)  by  rotating  AE  so  as  to 
place  it  in  coincidence  with  the  path  of  a  star,  in  order  that  the 
chords  may  be  parallel  to  the  circle  of  declination  through  the 
centre  of  the  field.  The  observations  are  then  made  by  record- 
ing the  times  of  transit  of  the  two  objects  across  the  three 
wires ;  as,  for  instance,  the  transits  of  the  star  at  u,  t,  s,  and 
those  of  the  comet,  or  other  compared  object,  at  u',  t',  s. 
Let  tv  £2,  ty  be  the  former  recorded  times,  and  t'v  £'2,  £'3,  the 
latter.  Then  if  «1  +  «8  =  2r  and  t\  +  t'3  =  2T,  the  algebraic 
excess  of  the  transit-time  of  the  compared  object  across  the 
circle  of  declination  above  the  transit-time  of  the- star  is  T  —  T. 
Hence  the  required  R.A.  of  the  object  is  obtained  by  adding 
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T  —  T  to  the  known  R.A.  of  the  star.  Again,  the  difference  of 
the  P.D.,  namely  ss  or  uu ',  is  readily  seen  to  be,  in  arc  of  a 
great  circle,  very  nearly  equal  to 

15  (T  -  T  -  tz  +  £'2)  cos  Bl  cot  30°, 

Sx  being  put  for  the  mean  of  the  declinations  of  the  two  objects. 
As  this  expression  remains  the  same,  whether  the  objects  cross 
the  field  on  the  same  side,  or  on  different  sides,  of  AE,  Valtz's 
reticle  has  the  advantage  of  not  requiring  the  circumstance  in 
either  case  to  be  noted.  If  q  be  the  value  of  that  expression,  which 
is  necessarily  positive,  the  P.D.  of  the  compared  object  is  obtained 
by  adding  to  that  of  the  star  ±  q,  according  as  its  path  across  the 
field  of  an  inverting  Telescope  is  higher  or  lower  than  the  star's. 
389.  The  method  of  observing  differences  of  R.A.  and  P.D. 
by  means  of  a  Ring  Micrometer  may  be  explained  by  referring  to 
Fig.  57  (3).  A  brass  ring  of  uniform  breadth  is  fastened  to  a 
transparent  glass  plate,  and  placed  at  the  focal  distance  of  the 
Telescope,  so  that  an  object,  as  it  crosses  the  field,  can  be  well 
seen  through  the  plate  before  it  reaches  and  after  it  leaves  the 
ring,  the  space  enclosed  by  the  ring  being  vacant.  Also 
as  the  object  and  the  ring  are  both  seen  distinctly  with  the  eye- 
piece, transits  of  a  known  star  and  a  compared  object  (for 
instance  a  comet)  may  be  taken,  as  indicated  by  the  figure,  at 
the  outer  and  inner  edges  of  the  ring,  the  times  of  the 
disappearances  behind  the  ring  and  of  the  reappearances  being 
both  noted.  Let  tt  be  the  mean  of  the  transit-times  at  v  and  uy 
and  t2  the  mean  of  those  at  t  and  s,  for  the  comparison-star,  and 
t\t  t'z  the  analogous  times  for  the  comet.  Then  if  ^  +  tz  =  2r 
and  t\  + 1'2  =  2r',  r  —  T  will  be  the  algebraic  excess  of  the  R.  A. 
of  the  comet  above  that  of  the  star.  Hence  from  the  known 
R.  A.  of  the  star,  by  adding  T'  —  r  the  required  R.  A.  of  the 
comet,  or  other  compared  object,  is  obtained.  Again,  let  r  be 
the  radius  (expressed  in  arc)  of  the  circle  which  is  intermediate 
to  the  circular  boundaries  of  the  ring,  and  let  B  and  S'  be  the 
respective  declinations  of  the  star  and  comet.  Then  if 

15  15 

sin  0  =  ^-  (£2  —  £j)  cos  8,  and  sin  6'  =  —  (tj  —  £/)  cos  S' , 
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the  difference  of  P.  D.  is  the  sum  or  difference  of  r  cos  0 
and  r  cos  0',  according  as  the  transits  were  taken  in  different  or 
the  same  halves  of  the  field  (as  shewn  by  the  Fig.).  This 
difference  of  P.  D.  is  to  be  added  to,  or  subtracted  from,  the  P.  D. 
of  the  star  according  as  the  comet  or  star  was  the  higher  in  the 
field,  and  the  result  is  the  required  P.  D.  of  the  comet.  It  is  to 
be  remarked  that  in  order  to  obtain  trustworthy  results  the  tran- 
sits of  the  objects  should  be  at  a  distance  from  the  centre  of  the 
ring,  and  not  very  near  the  points  of  greatest  and  least  P.D. 
This  differential  method  clearly  does  not  require  any  preliminary 
adjustment.  It  is  necessary,  however,  to  determine  the  value 
in  arc  of  the  radius  r ;  which  may  be  done  as  follows.  Take  a 
transit  of  the  Sun's  disk  across  the  field,  noting  the  times  of 
exterior  and  interior  contacts  at  the  circular  boundaries  of  the 
ring.  Then  if  T  be  the  interval  between  the  two  exterior 
contacts  with  the  circle  of  mean  radius  r,  as  inferred  from  the 
observed  times,  and  d  be  the  Sun's  semi-diameter,  it  is  readily 
seen  that  Twill  be  proportional  to  2d  4-  2r.  Similarly  it  appears 
that  T't  the  interval  between  the  interior  contacts,  is  in  the  same 
proportion  to  2d  —  2r,  d  being  supposed  greater  than  r.  Hence 
as  Tis  to  T  as  d  +  r  to  d-r,  it  follows  that  r  is  to  d  as  T-  T' 
to  T+  T,  from  which  proportion,  since  d  the  Sun's  semi-diameter 
in  arc  at  the  time  of  the  observation  is  known,  the  value  of  r 
in  arc  may  be  calculated.  The  adopted  value  should  be  the 
mean  of  several  such  determinations. 

390.  The  following  method  of  taking  differential  observa- 
tions, which,  like  the  last,  does  not  require  preliminary  adjust- 
ment, was  proposed  by  M.  Boguslawski,  the  astronomer  at 
Breslau.  A  single  wire  passing  through  the  middle  of  the  field, 
and  movable  about  the  Telescope-axis,  is  put  first  in  one 
arbitrary  angular  position,  and  then  in  a  second,  as  represented 
by  Fig.  57  (4)  (5),  and  transits  of  two  known  stars  and  an 
unknown  object  (a  comet)  are  taken  at  the  wire  in  each 
position.  Let  t^  T,  t2  be  the  observed  times  of  transit  of  first 
star,  comet,  and  second  star  at  the  points  f,  e,  a,  in  the  first 
position,  and  £/,  T',  t^  the  analogous  times  for  the  second 
position*  and  conceive  abc  and  a'b'c  to  be  drawn  parallel  to  the 
C.  25 
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circle  of  declination  through  the  centre  of  the  field.  Then  if 
alt  «2  and  Blt  82  be  respectively  the  R.A.  and  P.D.  of  the  stars, 
and  the  R  A.  and  P.D.  of  the  comet  at  the  time  of  its  transit  be 
A  and  D,  we  shall  have  82  —  D  to  S2  -  8t  in  the  proportion 
of  ab  to  ac.  Also  the  transit  of  a  star  along  fc  occupies  the 
interval  («2—  «j)  —  (ta  —  tj,  and  that  along  eb  the  interval 
a2  —  A  —  (£2  —  T}.  Hence  by  similar  triangles 


(1) 


similarly,  if  A  +  a.  and  D  +  e  be  the  R.A.  and  P.D.  of  the  comet 
at  the  time  of  its  second  transit, 

2  x  _s =  2  *'*'_/„      7TV~ 00- 


The  two  equations  (1)  and  (2)  suffice  to  determine  A  and  D,  the 
changes  a  and  e  being  supposed  to  be  known  from  an  ephemeris 
of  the  comet,  or  from  nearly  contemporaneous  determinations  of 
its  place  by  observation. 

391.  The  Vernier,  so  called  from  the  name  of  the  inventor, 
is  used  for  subdividing  the  intervals  of  a  graduation  in  cases 
which  do  not  require  the  degree  of  precision  attainable  by  a 
microscope-micrometer.  As  I  have  not  hitherto  explained  the 

FIG.  58. 


principle  of  this  contrivance  and  the  mode  of  reading  its  indica- 
tions, I  propose  to  supply  the  omission  here,  referring  for  this 
purpose  to  Fig.  58.  If  D  be  the  interval  between  the  gradua- 
tions of  the  arc  ee  to  which  the  vernier  is  applied,  and  D'  the 
interval  of  the  vernier-graduations,  in  all  cases  (n  -f  1)  D'=nD, 
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n  being  an  integer.  Also  the  vernier-intervals  are  reckoned  in 
the  same  direction  as  the  arc-intervals.  From  the  above 

equality  we  have  n  =  -~ ^-f ;  and  if,  as  is  often  the  case  in 

small  setting  circles,  the  degree  be  divided  into  three  equal 
parts  so  that  D  =  20',  and  it  be  proposed  to  read  to  the  accuracy 
of  1',  we  shall  also  have  D  —  Df  =  I'.  Hence  D'  =  19'  and 
rz-  =  19,  and  accordingly  19  arc-intervals  have  to  be  equal  to  20 
vernier-intervals,  as  is  the  case  in  the  example  shewn  by  Fig.  58. 
To  read  the  vernier-indication  it  is  first  to  be  noticed  that  the 
zero  of  the  vernier  is  opposite  to  6°  and  something  more  than 
two  intervals,  or  6°  40'  +.  The  additional  quantity  is  found  by 
observing,  on  looking  along  the  vernier,  that  the  seventh  mark 
from  zero  coincides  with  a  mark  of  the  arc-graduation.  Hence 
the  required  reading  is  6°  47'.  If  the  reading  be  to  the 
accuracy  of  half  a  minute,  we  should  have  D  —  D'  —  0',5, 
D'  =  20'  -  0',5  =  19',5,  and  n  =  39.  Supposing  the  degree  to 
be  divided  into  six  equal  parts,  and  the  reading  to  be  accurate 

to  10",  we  shall  have  D  =  10',  D  -  D'  =  10"  =  ^ ,  D'=  10'  -  i-' 

b  b 

59' 

=  -£-  ,  and  consequently  n  =  59  (see  Art.  370).  After  the  fore- 
going explanation  it  will  be  easily  seen  that  the  zero  of  the 
vernier  can  be  set  to  any  proposed  reading  by  means  of  appara- 
tus such  as  that  exhibited  in  Fig.  58,  where  a  is  a  clamping- 
screw  for  attaching  to  the  arc  the  nut  c  which  supports  a 
slow-motion-screw,  and  d  is  a  tapped  nut  joined  to  the  vernier, 
whereby  the  same  screw,  being  turned  by  the  milled  head  b, 
works  so  as  to  give  to  the  vernier  the  slow-motion  required  for 
the  setting. 

392.  The  Transit-reducer.  For  the  time-reduction  of 
any  transit-observation  to  the  meridian  it  is  requisite  to  calcu- 
late the  quantity 

,       ,  N cosec  B 

(a  4  b  cos  z  +  c  sin  g)  — — —  , 
ID 

a,  b,  c  being  respectively  the  corrections  of  the  collimation,  level, 
and  azimuth  errors,  and  z,  S  the  Z.D.  and  P.D.  of  the  object 

25—2 
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observed  (see  Art.  92).  To  facilitate  the  calculation  tables  are 
formed  of  the  particular  values  of  the  factors  of  a,  b,  c,  with  argu- 
ment P.D.,  for  the  clock-stars,  and  of  such  other  values  as  may 
be  suitable  for  obtaining  by  interpolation  the  factors  for  any  given 
P.D.  (The  Introductions  of  successive  Volumes  of  the  Cambridge 
Observations  contain  tables  proper  for  these  purposes.)  The 
results  of  multiplying  a,  b,  c  by  the  respective  factors  are 
obtained  at  Greenwich  by  means  of  sliding  scales,  one  for  each 
product.  In  place  of  this  method  I  began  in  1849  to  make 
use  of  a  machine,  constructed  according  to  my  directions  by 
Mr  Simms,  whereby  the  total  value  of  the  foregoing  formula 
could  be  calculated  by  a  single  operation.  The  construction  of 
this  machine  may  be  gathered  from  the  following  argument. 
In  Fig.  59  the  line  OA  QA  is  drawn  in  a  fixed  direction,  OM 

FIG.  59. 


makes  with  this  line  an  angle  z  equal  to  the  zenith  distance  of 
an  object,  the  angle  MOR  is  equal  to  the  latitude  of  the 
Observatory,  and  consequently  the  /  AOR  is  the  declination  of 
the  object,  or  90°  -  S.  Set  off  OM  =  6,  make  MPy  drawn  at  right 
angles  to  OM,  equal  to  c,  then  letting  fall  the  perpendicular  PQ 
or  OA,  make  AQ  =  a,  and  draw  AR  at  right  angles  to  OA. 
Then  it  follows  that  OA  —  ±  a  +  b  cos  z  +  c  sin  z.  If  now  OR 
be  measured  on  a  scale  the  unit  of  which  is  fifteen  times  that 
of  the  scale  of  the  measurements  of  OM,  MP,  and  AQ,  we 
shall  have 

OR  (in  time)  =  -=-=-  sec  AOR  =  (±  a  +  b  cos  z  +  c  sin  z)  °°^C  . 

For  the  mechanical  calculation  of  this  quantity,  a  space  six 
inches  square,  on  a  circular  plate,  was  ruled  all  over  with  lines 
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parallel  to  the  sides  of  the  square,  and  one-twentieth  of  an 
inch  apart,  which  interval  was  assumed  to  be  the  measure  of 
0",1.     Hence  the  side  of  the  square  measured  12".   Accordingly 
from  the  centre  of  the  square,  which  coincided  with  the  centre 
of  the  circle,  and   corresponded  to  the  point  0  in  the  Fig., 
distances  less  than  6",  equal  to  the  level  and  azimuth  correc- 
tions, could  be  set  off  as  rectangular  coordinates,  the  positive 
and  negative  directions  being  indicated  by  +  and  -  signs  along 
the  sides  of  the  square.     In  this  way  the  position  of  the  point 
P  is  marked.     The  position  of  the  line  OA  is  determined  by 
its  passing  through  the  centre  of  the  circle,  and  by  its  being 
parallel  to  a  fixed  fiducial  edge  constituting  an  essential  part  of 
the  machine.     A  plate,  contained  in  a  rectangular  trough,  and 
held   with  its    plane   face   against   one   side   by   a   spring,  is 
movable  along  that  edge,  and  carries  with  it  two  fine  parallel 
wires  perpendicular  in  direction  to  the  face  of  the  plate.     One 
of  the  wires  is  adjustible  so  that  it  can  be  placed,  by  means  of 
a  fixed  scale,  and  an  index  moving  with  the  wire,  at  a  distance 
from  the  other  equal  to  the  collimation-correction  irrespective 
of  its  sign,  the  unit  of  the  scale  being  1".     Two  brass  frames 
carrying  the  wires,  are  marked  with  the  signs  +  and  — ,  to 
indicate  the  wires  to  be  used   respectively  for  positive   and 
negative   collimation-corrections.     These   arrangements   being 
understood,  it  remains  to  shew  how  to  set  the  circle,  and  to  read 
off  the  indication  of  the  machine,  for  a  particular  astronomical 
observation. 

393.  The  circle  can  be  turned  smoothly  by  a  handle  about 
an  axle  at  its  centre,  and  is  graduated  close  to  the  circumference 
from  zero  in  an  arbitrary  position  to  130°  in  the  direction 
reckoned  positive,  and  to  60°  in  the  opposite  direction,  to  meet 
the  cases  of  P.D.  above  and  below  the  Pole.  In  order  to 
determine  the  place  of  an  index  and  vernier  for  reading  the 
graduation  of  the  circle,  the  line  OR,  which  with  its  graduations 
is  engraved,  requires  to  be  put,  by  turning  the  circle,  into 
coincidence  with  one  of  the  parallel  wires,  which  is,  in  fact,  to 
make  the  angle  ROA  equal  to  90°.  But  this  angle,  as  we  have 
seen,  is  equal  to  the  declination  of  the  object.  Hence  in  that 
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case  the  zero  of  the  graduation  is  in  the  position  corresponding 
to  0°  of  P.D.  This  result  determines  the  position  of  an  index 
intended  for  setting  in  degrees  and  minutes,  by  means  of  an 
appropriate  vernier,  for  the  given  P.D.  of  a  proposed  object. 
The  mechanical  calculation  then  simply  consists  in  first  setting 
the  circle  to  the  given  P.D.  by  the  index  and  vernier,  and,  after 
bisecting  the  point  P  by  the  +  or  —  wire  according  as  the 
collimation-correction  is  positive  or  negative,  reading  the  part 
OR  cut  off  by  the  other  wire.  This  reading,  by  reason  of  the 
scale  of  the  graduation,  gives  the  reduction  to  the  meridian 
in  time. 

394.  In  the  instance  of  the  machine  above  described  the 
diameter  of  the  circle  was  15  inches,  the  dimensions  of  the 
scales  were  such  that  the  greatest  amount  of  correction  that 
could  be  read  was  +  1s,  and  on  account  of  the  small  angles  made 
by  the  wire  with  the  time-scale  it  could  not  be  safely  used  for 
P.D.  less  than  30°.  But  for  the  more  usual  P.D.  it  was  capable 
of  calculating  the  correction  to  the  nearest  hundredth  of  a 
second  of  time ;  whereas  by  the  use  of  the  sliding-scales  in  the 
same  cases,  requiring  three  multiplications  and  three  additions, 
the  error  might  amount  to  ±  Os,02.  To  serve  for  the  cases  of 
small  P.D.,  an  additional  graduation,  the  unit  of  which  was  1", 
was  engraved  along  and  contiguous  to  the  fiducial  edge,  and 
reckoned  in  opposite  directions  from  a  zero,  the  position  of 
which  was  defined  by  its  being  bisected  by  either  wire  made 
to  cross  the  centre  of  the  circle.  Then,  after  determining  the 
position  of  P,  and  using  the  parallel  wires,  just  as  before,  the 
part  OQ  of  the  scale  cut  off  by  the  second  wire  is 

+  a  +  b  cos  z  +  c  sin  z. 

The  calculation  of  this  quantity  by  the  machine  for  Polaris  and 
8  Ursse  Minoris,  or  any  stars  within  30°  from  the  Pole,  is 
abundantly  accurate,  and  might,  apart  from  other  applications, 
save  much  time1. 

1  A  fuller  account  of  this  instrument  is  given  in  the  Monthly  Notices  of  the 
Astronomical  Society,  Vol.  x.,  p.  182.  The  one  made  for  use  in  the  Cambridge 
Observatory  was  shewn  in  the  Great  Exhibition  of  1851,  and  received  the  award 
of  a  Bronze  Medal. 
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395.  The  Huyghenian  Eye-piece.  In  addition  to  what  is 
said  on  this  eye-piece  in  Art.  21,  I  have  only  to  direct  attention 
to  Fig.  60,  in  order  that  by  a  comparison  with  Fig.  2  in  p.  23, 
the  difference  between  the  courses  of  the  rays  in  Huyghens's 
and  Ramsden's  eye-pieces  might  be  readily  perceived.  In  the 
former  the  distance  between  the  two  lenses  is  usually  half  the 

FIG.  60. 


sum  of  their  focal  lengths,  and  the  image  is  formed  at  the 
position  of  a  diaphragm  ss  midway  between  the  lenses.  The 
four-glass  erecting  eye-piece  may  be  made,  like  Huyghens's,  free 
from  injurious  colour,  but  on  account  of  the  loss  of  light  by 
passage  through  four  glasses  it  is  not  to  be  preferred  to  the 
latter  for  observing  the  physical  phenomena  of  celestial  bodies, 
the  details  of  which,  especially  in  the  cases  of  comets  and 
nebulae,  are  often  very  faint  and  difficult  to  recognise. 

396.  Magnifying  powers.     The   following   process,   called 
"the   method   of  double   vision,"   is   suitable  for  finding  the 
magnifying  power  of  a  small  hand-telescope.     A  white  staff  is 
set  up,  graduated  by  black  transverse  marks  at  intervals,  say,  of 
one  inch,  and  one  of  the  intervals  is  blackened.     An  observer, 
on  looking  at  this  interval  through  the  Telescope,  and  opening 
the  unemployed  eye,  may  perceive  an  enlarged  image  of  the 
black  space  thrown  upon  the  staff.     By  counting  the  number  of 
intervals  which  this  image  covers,  the  magnifying  power  of  the 
combination  of  the  lenses  of  the  Telescope  is  obtained. 

397.  The   power  of  any  optical  instrument  composed  of 
lenses,  or  of  lenses  and  mirrors,  and  adapted  for  magnifying,  is 
best  ascertained  by  means  of  a  small  double-image  micrometer, 
called  a  Dynameter,  invented  for  this  purpose  by  Ramsden  and 
afterwards  improved  by  Dollond.     Figures  61  and  62  represent 
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the  parts  of  a  Dollond's  Dynameter,  the  construction  of  which 
is   very   nearly   the   same  as  that  of  a  Dynameter  made  by 


FIG.  61. 


FIG.  62. 


Troughton  and  Simms,  which  I  made  use  of  for  finding  the 
magnifying   powers   of  the   various   eye-pieces   pertaining    to 
the  Telescopes  of  the  Cambridge  Observatory,  and  afterwards 
exhibited  to  my  astronomical  class.     In  the  two  Figures /is  the 
circular   micrometer-head   divided   on  its  rim  into  100  equal 
parts,  and  e  is  a  milled  button  for  turning  the  micrometer. 
The  screw  h  (Fig.  61),  which  is  right-handed,  and  is  fixed  to  the 
micrometer-head,  acts  in  a  tapped  projection  from  the  plate  n, 
and   thereby    draws    the    plate    together    with    an    attached 
half-lens   I.     At   the   same   time   another   screw   it   which    is 
left-handed,  turns  within  h,  the  two  having  axes  in  a  common 
direction,  and   as  the  thread-intervals  are  the  same  in  both, 
it  follows  that  the  screw  *  pushes  the  plate  m  and  the  attached 
half-lens  k  just  as  much  as  the  screw  h  draws  the  plate  n  and  the 
half-lens   I.     The   relative   motion   of  the   two   half-lenses   is 
therefore  double  the  motion  of  each.     The  foregoing  apparatus 
is   contained  in  a  box  acdb.     The  external  scale  g  is  moved 
with    the   plate   n.     The   spring   o   keeps   the   two  screws  in 
bearing.     It  is  next  to  be  remarked  that  when   the   eye   is 
situated  at  some  distance  from  the  eye-glass   of  any  optical 


MISCELLANEOUS    ADDITIONAL    SUBJECTS.  393 

instrument,  and  looks  in  the  same  direction  as  when  it  is 
applied  to  the  eye-glass  for  observing  an  object;  there  is  seen  in 
front  of,  and  near,  this  glass  a  small  bright  circle,  which  is,  in 
fact,  the  image  of  the  object-glass  or  -mirror,  formed  by  pencils 
of  rays  converging  to  this  position,  after  emergence  from 
the  eye-glass.  The  purpose  of  the  Dynameter  is  to  measure  the 
diameter  of  this  circle,  because,  as  is  known  from  Optics,  the 
ratio  of  the  diameter  of  the  object-glass  or  -mirror  to  that  of 
the  small  circle  is  the  magnifying  power.  (I  have  added  in 
an  Appendix  the  proof  of  this  Optical  Theorem.)  It  is  now 
required  to  shew  how  the  diameter  of  this  circle  is  measured. 

398.  The  cap  lu  (Fig.  62)  covers  a  Ramsden  eye-piece  the 
eye-glass  of  which  is  divided  into  half-lenses,  and  the  Dynameter 
is  applied  so  that  the  bright  circle  is  situated  just  beyond  the 
field  glass.     Hence,  as  the  axis  of  the  eye-piece   is   directed 
towards   this   circle,   when   the   half-lenses   are   separated   by 
turning  the  micrometer-head,  two  images  of  the  circle  will  be 
seen.     (To  certify  that  each  is  an  image  of  the  object-glass,  it 
suffices  to  affix  a  patch  of  tin-foil  of  any  shape  upon  the  latter.) 
For  effecting  the  measurement  these  images  are  brought  into 
contact,  as  shewn  at  x  in  Fig.  62,  first  on  one  side  and  then  on 
the  other,  and  by  means  of  a  fixed  index,  the  readings  of  the  scale  g 
(Figs.  61  and  62)  are  taken,  for  both  positions,  in  scale-intervals 
and  divisions  of  the  micrometer.     The  intervals  of  the  scale  are 
one-fiftieth  of  an  inch,  and  hundredth  parts  of  an  interval  can  be 
read  by  the  micrometer,  so  that  the  difference  of  the  readings 
can  be  obtained  with  great  precision  in  parts  of  an  inch.     This 
difference  is  the  measure  of  the  diameter  of  the  circle,  because, 
as  we  have  seen,  the  two  images  move  in  opposite  directions. 
The   ratio  of  the  diameter  of  the   object-glass   or  -mirror  in 
inches  to  the  diameter  measured  by  the   Dynameter   is  the 
magnifying  power. 

399.  Interpolations.     The  interpolation  which  the  astrono- 
mer has  most  frequently  to  perform  is  that  of  finding,  when 
three  values  alt  a2,  as  of  any  function,  separated  by  a  common 
interval  h  of  time,  are  given,  the  value  of  the  function  at  any 
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time  t  differing  by  less  than  half  the  interval  from  the  epoch  of  the 
middle  value  «2.     Representing  by  Xt  the  required  value,  put- 

ting x  for  y-  ,  and  supposing  that  a2  —  al  =  di}   a3  —  aa  =  d2,  and 
d2  —  dt  =  e,  we  shall  have 

v  ^t-fC?2  6     2 

^  =  «2  +  -J-2"  ^  +  2    ' 

the  values  of  a?  and  #2   and   their   coefficients   being  readily 
calculated  from  the  data. 

Occasionally  it  may  be  required  to  interpolate  with  greater 
exactness,  for  instance,  by  using  five  equidistant  values  of  the 
function,  as  av  a2,  a3,  a4,  a5.  In  that  case  if  blt  62,  &3,  64  be  the 
first  differences  a2  —  av  a,3  —  az,  &c.,  ct,  C2,  C3  the  second  differences 
62  —  6X,  &cv  c^j,  d2  the  third  differences  c2  —  c,,  &c.,  and  ex  the 
fourth  difference  dz  —  dv  and  if 


we  shall  have 


by  means  of  which  equations  the  values  of  a,  b,  c,  d,  e  are  easily 
derived  from  the  data.  In  this  interpolation  the  given  time  t 
should  differ  by  less  than  half  h  from  the  epoch  of  aa. 


APPENDIX.     (See  ART.  397.) 


IT  is  proposed  in  this  Appendix  to  demonstrate  a  general 
Proposition  for  determining  the  magnifying  power  and  bright- 
ness of  the  image  of  an  object  seen  by  any  optical  combination 
of  lenses,  or  mirrors,  or  both.  The  demonstration  is  restricted 
to  the  first  order  of  approximation,  and  the  thicknesses  of  the 
lenses  are  not  taken  into  account,  this  degree  of  accuracy  being 
sufficient  for  most  practical  purposes.  The  following  is  the 
enunciation  of  the  general  Proposition. 

To  find  the  magnifying  power  and  brightness  of  the  image  of 
an  object  seen  through  any  combination  of  lenses  and  mirrors. 

The  general  determination  of  the  magnifying  power  rests  on 
the  two  following  Theorems  applicable  to  any  one  of  the  lenses 
or  mirrors  of  the  combination.  The  proofs  of  these  Theorems 
are  given  in  the  common  Treatises  on  Optics. 

(1)  The  linear  magnitude  of  the  object  is  to  the  linear 
magnitude  of  the  image,  as  the  distance  of  the  object  from  the 
lens  or  mirror  producing  the  image,  is  to  the  distance  of  the 
image  from  the  same. 

(2)  Each  image,  whether  real  or  virtual,  may  be  regarded 
as  an  object  with  respect  to  the  next  lens  or  mirror,  taken 
according  to  the  course  of  transmission  of  the  light. 

Let  n  =  the  number  of  lenses  and  mirrors  together. 

D  =  the  distance  of  the  object  from  the  object-glass  or 
object-mirror. 

d  =  the  distance  of  the  eye-glass  from  the  eye. 
fvf*  ~  *ne  distances  of  the  first  image  from  the  1st  and  2nd 
glasses  or  mirrors. 
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fz,f^  —  the  distances  of  the  second  image  from  the  2nd  and 
3rd  glasses  or  mirrors. 


/2n-3»/2n-2  =  ^e  distances  of  the  (n  —  l)th  image  from  the  (n  -  l)th 

and  7ith  glasses  or  mirrors. 
tf9Hr.l  +  d  —  the  distance  of  the  nth  image  from  the  eye. 

Let  L  —  the  linear  magnitude  of  the  object. 

Then  by  the  two  Theorems  above  enunciated, 

f 
L  ''    =  the  linear  magnitude  of  the  1st  image, 


2nd 


T  /I  './3  '"/gn-l  ntb 

D  f   f      f~        ...................  '  .............          ...... 

-^  V2  V4  "  V2»-2 

Hence,  dividing  by  ^n-1  +  d,  the  distance  of  the  nth  image 
from  the  eye, 
the  angular  magnitude  of  the  final  image 


Let  c  =  the  distance  at  which  the  object  can  be  seen  dis- 
tinctly  with   the   naked   eye   of    any   individual.      Then   the 

angular  magnitude  of  the  object  is  —  ,  or  y..  —  .     Dividing  the 

C  jJ     C 

former  angular  magnitude  by  this  latter,  we  have  for  the 
advantage  gained  by  the  optical  instrument,  or  the  magnifying 
power,  the  following  expression  : 

J\  'J  3  '_'  \/2«-3  V  2n-l 

^  '/,•/«•»/,«•  </«  +  ?)• 

y» 

If  the  object  be  a  heavenly  body,  necessarily  -j?  =  1. 
Hence  for  any  astronomical  Telescope, 

magnifying  power  =    -     ^3  —  " 
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Also  if  the  final  image  be  seen  by  pencils  of  nearly  parallel 
rays,  that  is,  if  the  observer  be  not  short-sighted,  the  ratio  of 
fzn-i  to  /2«-i  +  d  is  Dearly  unity. 

Another  general  expression  for  the  magnifying  power  may 
be  deduced  from  the  foregoing,  by  means  of  a  third  general 
Theorem,  which  may  be  enunciated  as  follows  : 

(3)  Supposing  the  pencils  to  fall  very  nearly  perpendi- 
cularly on  all  the  lenses  and  mirrors,  the  breadth  of  a  given 
pencil,  where  it  leaves  any  lens  or  mirror,  is  to  its  breadth, 
where  it  falls  on  the  next  lens  or  mirror,  as  the  distance  of  the 
focus,  virtual  or  real,  of  the  intermediate  portion  of  the  pencil 
from  the  former,  to  its  distance  from  the  latter. 

This  Theorem,  which  depends  on  very  simple  geometrical 
considerations,  is  proved  in  the  usual  Treatises  on  Optics.  The 
effect  of  the  thicknesses  of  the  lenses  is  not  taken  into  account. 

Let  A  =  the  breadth  of  a  pencil  falling  on  the  object-glass 
or  object-mirror. 

Then  by  the  above  Theorem, 

A  .j.  =  the  breadth  of  the  pencil  falling  on  the  2nd 

glass  or  mirror. 
A  -  fy^j  —  the  breadth  of  the  pencil  falling  on  the  3rd 

/I  VS 

glass  or  mirror. 


f   f       f 
A  .J*'J*'"J*n-*  =  the  breadth  of  the  pencil  falling  on  the  71t 

/iVi  •••/2n-S 

glass  or  mirror. 
Let  e  =  the  breadth  of  the  pencil  as  it  enters  the  eye. 

=         •      '  '  ^-'  '*  ^     +  d) 


Then  e  =  A 


2n-3  VSn-l 


1  V  3  *  '  *./2 

Now  referring  to  the  general  expression  already  obtained  for 
the  magnifying  power,  it  is  clear  that  we  shall  have, 

.f  .  c      A 

magnifying  power  =  -~  x  —  . 
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This  expression  is  of  great  practical  utility.  For  a  Telescope 
we  have  simply, 

magnifying  power  =  —  . 
e 

In  the  Galilean  Telescope  the  breadth  A  is  determined  by 
the  aperture  of  the  eye,  which  in  this  instance  limits  the  size  of 
the  pencils.  In  other  Telescopes  the  size  of  the  pencils  is 
generally  limited  by  the  object-glass  or  object-mirror,  the  dia- 
meter of  which  consequently  determines  the  value  of  A. 

If  the  breadth  e  be  greater  than  the  diameter  of  the 
pupil  of  the  eye,  part  of  the  light  of  each  pencil  is  lost,  and 
the  effect  is  the  same  for  the  same  magnifying  power  as  if  the 

object-glass   were   of  smaller  diameter.     If  e  =  the   diameter 

^4 
of  the  pupil  of  the  eye,  then  —  =  the  inferior  limit  of  the 

6 

magnifying  power,  for  any  practical  purpose,  of  a  telescope 
the  diameter  (A)  of  whose  object-glass  or  object-mirror  is 
given. 

On  the  other  hand,  if  the  diameter  (e)  of  the  pencil  entering 
the  eye  be  very  much  smaller  than  the  diameter  (e'}  of  the 
pupil  of  the  eye,  the  image  becomes  obscure  and  ill-defined 
from  the  feebleness  of  the  light.  Consequently,  to  unite  great 
magnifying  power  with  distinctness  of  vision  it  is  necessary  to 
increase  the  size  of  the  object-glass  or  object-mirror. 

Suppose  that  the  pencil  of  rays  from  a  single  point 
incident  on  an  object-glass  or  -mirror  has  the  breadth  e  when 
it  crosses  the  axis  of  the  telescope  where  the  eye  is  usually 
situated.  The  pencils  from  an  unlimited  number  of  external 
points  would  all  cross  the  axis  at  the  same  place  and  be  of 
the  same  breadth.  But  the  aggregate  of  the  courses  of  these 
pencils  between  the  object-glass  and  the  position  of  the  eye, 
is  the  same  as  if  the  object-glass  were  an  illumined  object 
from  which  rays  are  incident  on  the  eye-piece.  If  the  object- 
glass  be  exposed  to  the  light  of  clouds,  or  the  sky,  and  the  eye 
be  removed  along  the  axis  to  some  distance  from  the  eye-piece, 
a  bright  round  image  of  the  object-glass  will  be  seen  formed  in 
the  front  of  the  eye-glass.  The  diameter  of  this  image  is 
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therefore  very  nearly  the  quantity  e.  Since  the  Dynameter,  as 
shewn  in  Art.  397,  measures  this  diameter,  it  also  measures  e. 
Hence,  the  diameter  A  of  the  object-glass  being  also  measured, 

A 

the  ratio  —  becomes  known. 
e 

In  the  case  of  a  Microscope  the  magnifying  power  is  chiefly 
produced  by  the  small  distance  D  of  the  object  from  the  object- 
glass.  In  consequence  of  this  arrangement  the  object-glass 

must  be  of  very  short  focal  length  and  small  diameter.     Hence 

j 
also  e  must  be  small,  in  order  that  —  may  not   be   a   small 

fraction.  To  compensate  for  the  smallness  of  the  breadth  e  of 
the  pencils  the  object  has  to  be  strongly  illumined  by  artificial 
means. 

The  brightness  of  an  image  produced  by  optical  means 
depends  greatly  on  the  loss  of  light  by  transmission  through 
lenses,  or  reflection  at  mirrors,  and  cannot  be  calculated  with 
mathematical  precision.  Supposing,  however,  that  no  light 
is  lost  by  transmission  or  reflection,  it  may  be  shewn  as  follows, 
that  the  brightness  of  the  image  is  the  same  as  the  brightness 
of  the  object,  if  the  pencils  from  the  image  fill  the  pupil  of  the 
eye. 

The  quantity  of  light  which  enters  the  naked  eye  from  a 
given  small  portion  of  the  surface  of  an  object  seen  at  the 

e'2 
nearest  distance  of  distinct  vision,  varies  as  -,-.     The  quantity 

c ) 

of  light  which  enters  the  eye  through  the  optical  instrument 
from  an  equal  portion  of  the  image,  varies  as 

-/I  JL 

D*     (magg.  power)2' 

no  light  being  lost  by  reflection  or  transmission.  But  the 
magnifying  power  is  equal  to  —  .  -^ .  Hence,  by  substitution  it 
will  appear  that  the  quantity  of  light  through  the  instrument 

02 

varies  as  -^.     We  have,  therefore, 
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Brightness  of  object  _  e*     £  _  e'2  _      .f    , 

V"* • i     \  ~t*~~*  "    ~~  ~~       9    "^"*       9  """"       *>"    """"     -*  i    1*      C/     ""^    O   « 

Brightness  of  image      c       c       e 
which  is  the  result  it  was  required  to  obtain. 

As  it  is  known  that  an  object  seen  with  the  naked  eye 
appears  equally  bright  at  whatever  distance  it  is  viewed,  it 
follows  from  the  above  proposition,  that  an  object  of  finite 
dimensions  would  appear  equally  bright  under  whatever  circum- 
stances it  is  seen,  provided  no  light  were  lost  by  transmission 
through  the  air  or  lenses,  or  by  reflection  at  mirrors.  Thus,  if  a 
comet  appears  brighter  in  a  large  telescope  than  in  a  small  one, 
it  is  owing  to  the  more  effectual  exclusion  of  stray  light  by  the 
greater  length  of  the  telescope  tube.  The  case,  however,  is 
different  with  respect  to  a  star,  which  must  be  regarded  as  a 
luminous  point,  the  brightness  of  the  image  of  which,  as  seen  in 
a  telescope  is,  cceteris  paribus,  proportional  to  the  aperture  of  the 
telescope, 


THE  END. 
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The  Law  of  Leptines.     By  B.  W.  Beatson,  M.A. 

Plato.     The  Apology  of  Socrates  and  Crito.    By  \V.  Wagner,  Ph.D. 
4th  Edition.     4s.  6d. 

The  Phffido.    By  W.  Wagner,  Ph.D.     5s.  6d. 

The  Protagoras.     By  W.  Wayte,  M.A.     4s.  Qd. 

Plautus.     The  Aulularia.      By  W.  Wagner,  Ph.D.     2nd  edition. 

4s.  6d. 

Trinummus.    By  W.  Wagner,  Ph.D.    2nd  edition.     4s.  Qd. 

The  Menaechmei.     By  W.  Wagner,  Ph.D.     4s.  6d. 

Sophoclis  Trachinias.    By  A.  Pretor,  M.A.    4s.  6(7. 
Terence.    By  W.  Wagner,  Ph.D.     10s.  &d. 
Theocritus.    By  F.  A.  Paley,  M.A.    4s.  &d. 

Others  in  preparation. 

CRITICAL  AND  ANNOTATED   EDITIONS. 

^Etna.     By  H.  A.  J.  Munro,  M.A.     3s.  6d. 

Aristophanis  Comoediae.    By  H.  A.  Holden,  LL.D.     8vo.     2  vols. 
23s.  6d.    Plays  sold  separately. 

Pax.    By  F.  A.  Paley,  M.A.     Fcap.  8vo.     4s.  Gd. 

Catullus.    By  H.  A.  J.  Munro,  M.A.     7s.  6d. 

Horace.    Quinti  Horatii  Flacci  Opera.    By  H.  A.  J.  Munro,  M.A. 

Large  8vo.    11.  Is. 
Livy.     The  first  five  Books.    By  J.  Prendeville.     12mo.  roan,  5*. 

Or  Books  I.-III.  3s.  6d.    IV.  and  V.  3s.  6d. 
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Lucretius.  Titi  Lucretii  Cari  de  Kerum  Natnra  Libri  Sex.  Witb 
a  Translation  and  Notes.  By  H.  A.  J.  Munro,  M.A.  2  vols.  8vo.  Vol.  I. 
Text,  16s.  Vol.  II.  Translation,  6s.  (Sold  separately.) 

Ovid.   P.  Ovidii  Nasonis  Heroides  XIV.    By  A.  Palmer,  M.A.  8vo.6s. 

Propertius.  Sex  Aurelii  Propertii  Carmina.  By  F.  A.  Paley,  M.A. 
8vo.  Cloth,  9s. 

Sophocles.     The  Ajax.    By  C.  E.  Palmer,  M.A.    4s.  6d. 

Thucydides.  The  History  of  the  Peloponnesian  War.  By  Bichard 
Shilleto,  M.A.  Book  I.  8vo.  6s.  6d.  (Book  II.  in  the  press.) 

Greek  Testament.  By  Henry  Alford,  D.D.  4  vols.  8vo.  (Sold 
separately.)  Vol.  1. 11. 8s.  Vol.  II.  11. 4s.  Vol.  III.  18s.  Vol.  IV.  Part  1. 18s.; 
Part  II.  14s.;  or  in  one  Vol.  32s. 

LATIN   AND  GREEK  CLASS-BOOKS. 

Auxilia   Latina.     A  Series  of  Progressive  Latin  Exercises.     By 

Rev.  J.  B.  Baddeley,  M.A.     Fcap.  8vo.    2s. 

AN  INTRODUCTORY  PART  to  the  above  on  Accidence.       [In  the  Press* 
Latin  Prose  Lessons.    By  A.  J.  Church,  M.A.   2nd  Edit.  Fcap.  8vo. 

2s.  6d. 

Latin  Exercises  and  Grammar  Papers.    By  T.  Collins,  M.A.    2nd 

Edition.    Fcap.  8vo.    2s.  6d. 

Analytical  Latin  Exercises.  By  C.  P.  Mason,  B.  A.  2nd  Edit.  3s.6<f. 
Scala  GrsBca :  a  Series  of  Elementary  Greek  Exercises.  By  Eev.  J.  W. 

Davis,  M.A.,  and  R.  W.  Baddeley,  M.A.    3rd  Edition.     Fcap.  8vo.    2s.  6d. 
Greek  Verse  Composition.     By  G.  Preston,  M.A.     Crown  8vo. 

4s.  6d. 
BY  THE  EEV.  P.  FROST,  M.A.,  ST.  JOHN'S  COLLEGE,  CAMBRIDGE. 

Eclogse  Latinae ;  or,  First  Latin  Keading-Book,  with  English  Notes 

and  a  Dictionary.     New  Edition.    Fcap.  8vo.    2s.  6d. 
Materials  for  Latin  Prose  Composition.   New  Edition.  Fcap.  8vo. 

2s.  6d.     Key,  4*. 
A  Latin  Verse-Book.    An  Introductory  Work  on  Hexameters  and 

Pentameters.    New  Edition.    Fcap.  8vo.    3s.     Key,  5s. 
Analecta  Grseca  Minora,  with  Introductory  Sentences,  English 

Notes,  and  a  Dictionary.    New  Edition.     Fcap.  8vo.    3s.  6d. 
Materials  for  Greek  Prose  Composition.    New  Edit.    Fcap,  8vo. 

3s.  6d.    Key,  5s. 
Florilegium  Poeticum.    Elegiac  Extracts  from  Ovid  and  Tibullus. 

New  Edition.    With  Notes.    Fcap.  8vo.  3s. 

BY  THE  KEV.  F.  E.  GRETTON. 

A  First  Cheque-book  for  Lathi  Verse-makers.     Is.  Qd. 
A  Lathi  Version  for  Masters.    2s.  6d. 
Reddenda ;  or  Passages  with  Parallel  Hints  for  Translation  into 

Latin  Prose  and  Verse.    Crown  8vo.    4s.  6d. 
Reddenda  Reddita  (see  next  page). 

BY  H.  A.  HOLDEN,  LL.D. 
Foliorum  Silvula.     Part  I.     Passages  for  Translation  into  Latin. 

Elegiac  and  Heroic  Verse.    8th  Edition.     Post  8vo.    7s.  6d. 
Part  II.     Select  Passages  for  Translation  into  Latin  Lyric 

and  Comic  Iambic  Verse.    3rd  Edition.    Post  8vo.    5s. 
Part  III.    Select  Passages  for  Translation  into  Greek  Verse^ 

2rd  Edition.    Post  8vo.    8s. 
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"Folia  Silvulse,  sive  Eclogae  Poetarum  Anglicorum  in  Latinum  et 
Grgecum  converse.  8vo.  Vol.  I.  10s.  6d.  Vol.  II.  12s. 

JToliorum  Centuriae.  Select  Passages  for  Translation  into  Latin 
and  Greek  Prose.  6th  Edition.  Post  8vo.  8s. 


TRANSLATIONS,  SELECTIONS,  &c. 

~%*  Many  of  the  following  books  are  well  adapted  for  School  Prizes. 

JEschylus.     Translated  into  English  Prose  by  F.  A.  Paley,  M.A. 

2nd  Edition.    8vo.    7s.  6d. 
Translated  into  English  Yerse  by  Anna  Swan  wick.     Crown 

8vo.    2  vols.    12s. 

Folio  Edition,  with  33  Illustrations  after  Flaxman.     21.  2s. 

JLnthologia  Graeca.  A  Selection  of  Choice  Greek  Poetry,  with  Notes. 

By  F.  St.  John  Thackeray.    4t7i  and  Cheaper  Edition.    16mo.    4s.  6d. 
Anthologia  Latina.     A  Selection  of  Choice  Latin  Poetry,  from 

Nsevius  to  Boethius,  with  Notes.    By  Rev.  F.  St.  John  Thackeray.    Fcap. 

8vo.    6s.  6d. 

Aristophanes  :  The  Peace.  Text  and  Metrical  Translation.  By 
B.  B.  Rogers,  M.A.  Fcap.  4to.  7s.  6d. 

The  Wasps.     Text  and  Metrical  Translation.     By  B.  B. 

Rogers,  M.A.    Fcap.  4to.    7s.  6d. 

Corpus  Poetarum  Latinorum.  Edited  by  Walker.   1vol.  8vo.   18s. 
Horace.     The  Odes  and  Carmen  Saeculare.     In  English  Verse  by 
J.  Conington,  M.A.     7th  edition.     Fcap.  8vo.     5s.  6d. 

The  Satires  and  Epistles.     In  English  Verse  by  J.  Coning- 

ton,  M.A.    4th  edition.     6s.  6d. 

Illustrated  from  Antique  Gems  by  C.  W.  King,  M.A.     The 

text  revised  with  Introduction  by  H.  A.  J.  Munro,  M.A.  Large  8vo.    11.  Is. 

Mvsae  Etonenses,   sive   Carminvm  Etonaa  Conditorvm  Delectvs. 

By  Richard  Okes.    2  vols.  8vo.    15s. 
"Propertius.    Verse  translations  from  Book  V.,  with  revised  Latin 

Text.    By  F.  A.  Paley,  M.A.    Fcap.  8vo.    3s. 
Plato.     Gorgias.     Translated  by  E.  M.  Cope,  M.A.     8vo.     7s. 

Philebus.    Translated  by  F.  A.  Paley,  M.A.    Small  8vo.    4s. 

Theaetetus.  Translated  by  F.  A.  Paley,  M.A.    Small  8vo,    4s. 

Analysis  and  Index  of  the  Dialogues.     By  Dr.  Day.     Post 

8vo.    5s. 

Reddenda  Reddita  :  Passages  from  English  Poetry,  with  a  Latin 
Verse  Translation.  By  F.  E.  Gretton.  Crown  8vo.  6s. 

Sabrinse  Corolla  in  hortulis  Eegias  Scholaa  Salopiensis  contexuerunt 
tres  viri  floribus  legendis.  Editio  tertia.  8vo.  8s.  6d. 

Sertum  Carthusianum  Floribus  trium  Seculorum  Contextum.  By 
W.  H.  Brown.  8vo.  14s. 

Theocritus.  In  English  Verse,  by  C.  S.  Calverley,  M.A.  Crown 
8vo.  7s.  6d. 

Translations  into  English  and  Latin.  By  C.  S.  Calverley,  M.A. 
Post  8vo.  7s.  6d. 


By  E.  C.  Jebb,  M.A. ;  H.  Jackson,  M.A.,  and  W.  E.  Currey, 

M.A.    Crown  8vo.  8s. 

into  Greek  and  Latin  Verse.     By  E.  C.  Jebb.     4to.  cloth 

gilt.    10s.  6d. 
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REFERENCE    VOLUMES. 

A  Latin  Grammar.  By  T.  H.  Key,  M.A.   6th  Thousand.   Post  Svo. 

8s. 
A  Short  Latia  Grammar  for  Schools.      By  T.  H.  Key,  M.A., 

F.R.S.    llth  Edition.    Post  8vo.    3s.  6d. 

A  Guide  to  the  Choice  of  Classical  Books.  By  J.  B.  Mayor,  M.A. 

Crown  8vo.    2s. 
The  Theatre  of  the  Greeks.    By  J.  W.  Donaldson,  D.D.    8th 

Edition.    Post  8vo.    5s. 
A  Dictionary  of  Latin  and  Greek  Quotations.    By  H.  T.  Riley. 

Post  8vo.    5s.    With  Index  Verborum,  6s. 
A  History  of  Roman  Literature.    By  W.  S.  Teuffel,  Professor  at 

the  University  of  Tubingen.  By  W.  Wagner,  Ph.D.  2  vols.  DemySvo.  21s. 

Student's  Guide  to  the  University  of  Cambridge.    Revised  and 

corrected.    3rd  Edition.    Fcap.  8vo.    6s.  6d. 


CLASSICAL   TABLES. 

Greek  Verbs.  A  Catalogue  of  y  erbs,  Irregular  and  Defective ;  their 
leading  formations,  tenses,  and  inflexions,  with  Paradigms  for  conjugation, 
Rules  for  formation  of  tenses,  &c.  &c.  By  J.  S.  Baird,  T.C.D.  2s.  6d. 

Greek  Accents  (Notes  on).    By  A.  Barry,  D.D.    New  Edition.   Is. 

Homeric  Dialect.  Its  Leading  Forms  and  Peculiarities.  By  J.  S. 
Baird,  T.C.D.  New  edition,  revised  by  W.  Gunion  Rutherford.  Is. 

Greek  Accidence.    By  the  Rev.  P.  Frost,  M.A.    New  Edition.    Is. 

Latin  Accidence.    By  the  Rev.  P.  Frost,  M.A.     Is. 

Latin  Versification.    Is. 

Notabilia  Quaedam ;  or  the  Principal  Tenses  of  most  of  the 
Irregular  Greek  Verbs  and  Elementary  Greek,  Latin,  and  French  Con- 
struction. New  edition.  Is. 

Richmond  Rules  for  the   Ovidian  Distich,  &c.     By  J.  Tate> 

M.A.    Is. 

The  Principles  of  Lathi  Syntax.    Is. 


CAMBRIDGE    SCHOOL   AND    COLLEGE 
TEXT-BOOKS. 

A  Series  of  Elementary  Treatises  for  the  use  of  Students  in  the 

Universities,  Schools, 'and  Candidates  for  the  Public 

Examinations.    Fcap.  Svo. 

Arithmetic.    By  Rev.  C.  Elsee,  M.A.  Fcap.  Svo.   7th  Edit.   3s.  6d. 
Algebra.    By  the  Rev.  C.  Elsee,  M.A.    4th  Edit.    4s. 
Arithmetic.    By  A.  Wrigley,  M.A.     3s.  6d 
A  Progressive  Course  of  Examples.    'With  Answers.    By 

J.  Watson,  M.A.    3rd  Edition.    2s.  6d. 
Algebra.    Progressive    Course    of    Examples.       By  Rev.  W.  F. 

M'Michael,  M.A.,  and  B.  Prowde  Smith,  M.A.    3s.  6d. 


Educational  Works. 


Plane   Astronomy,   An  Introduction  to.    By  P.  T.  Main,  M.A. 

3rd  Edition.  [In  the  Press. 

Conic  Sections  treated  Geometrically.     By  "W.  H.  Besant,  M.A. 

2nd  Edition.     4*.  6d. 
Elementary  Conic   Sections  treated  Geometrically.     By  W.  H. 

Besant,  M.A.  [In  the  Press. 

Statics,  Elementary.    By  Kev.  H.  Goodwin,  D.D.     2nd  Edit.     3s. 
Hydrostatics,  Elementary.   By  W.  H.  Besant,  M.A.    7th  Edit.    4s. 

Mensuration,  An  Elementary  Treatise  on.  By  B.  T.  Moore,  M.A. 
5s. 

Newton's  Principia,  The  First  Three  Sections  of,  with  an  Appen- 
dix ;  and  the  Ninth  and  Eleventh  Sections.  By  J.  H.  Evans,  M.A.  5th 
Edition,  by  P.  T.  Main,  M.A.  4s. 

Trigonometry,  Elementary.    By  T.  P.  Hudson,  M.A.     3s.  Qd. 

Optics,  Geometrical.  With  Answers.   By  W.  S.  Aldis,  M.A.   3s.  &d. 

Analytical  Geometry  for  Schools.    By  T.  G.  Vyvyan.     3rd  Edit. 

4s.  6d. 

Greek  Testament,  Companion  to  the.    By  A.  C.  Barrett,  A.M. 

3rd  Edition.     Fcap.  8vo.    5s. 
Book  of  Common  Prayer,  An  Historical  and  Explanatory  Treatise 

on  the.    By  W.  G.  Humphry,  B.D.    5th  Edition.    Fcap.  8vo.    4s.  6d.j 
Music,  Text-book  of.     By  H.  C.  Banister     7th  Edit,  revised.     5s. 
Concise  History  of.     By  H.  G.  Bonavia  Hunt,  B.   Mus. 

Oxon.    3rd  Edition  revised.    3s.  6d. 


ARITHMETIC    AND   ALGEBRA. 

Principles  and  Practice  of  Arithmetic.    By  J.  Hind,  M.A.    9th 
Edit.    4s.  6cl. 

Elements  of  Algebra.    By  J.  Hind,  M.A.    6th  Edit.    8vo.    10s.  Qd. 

Choice  and  Chance.     A  Treatise  on  Permutations  and  Combina- 
tions.   By  W.  A  Whitworth.    2nd  Edition.    Crown  8vo.  6s. 

See  also  foregoing  Series. 


GEOMETRY   AND    EUCLID. 

Text-Book  of  Geometry.     By  T.   S.  Aldis,   M.A.     Small  8vo. 

4s.  6d.    Part  I.  2s.  6d.     Part  II.  2s. 
The  Elements  of  Euclid.    By  H.  J.  Hose.     Fcap.  8vo.     4s.  6d. 

Exercises  separately,  1?. 
The  First  Six  Books,  with  Commentary  by  Dr.  Lardner. 

10th  Edition.    8vo.    6s. 
—  The  First  Two  Books  explained  to  Beginners.    By  C.  P. 

Mason,  B.A.    2nd  Edition.    Fcap.  8vo.    2s.  6d. 
The  Enunciations  and  Figures  to  Euclid's  Elements.    By  Rev. 

J.  Brasse,  D.D.    3rd  Edition.    Fcap.  8vo.    Is.    On  Cards,  in  case,  5s.  6d. 

Without  the  Figures,  6d. 
Exercises  on  Euclid  and  in  Modern  Geometry.  By  J.  McDowell, 

B.A.     Crown  Svo.    2nd  Edition  revised.    6s. 
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Geometrical  Conic  Sections.    By  W.  H.  Besant,  M.A.    3rd  Edit. 

4s.  6d. 
Elementary  Geometrical  Conic  Sections.     By  W.  H.  Besant, 

M.A.  [In  the  Press. 

The  Geometry  of  Conies.    By  C.  Taylor,  M.A.    2nd  Edit.    8vo- 

4s.  6d. 

Solutions    of   Geometrical    Problems,  proposed  at  St.  John's 

College  from  1830  to  1846.    By  T.  Gaskin,  M.A.    8vo.     12s. 

TRIGONOMETRY. 

The  Shrewsbury  Trigonometry.     By  J.  C.  P.  Aldous.    Crown 

STO.    2s. 
Elementary  Trigonometry.    By  T.  P.  Hudson,  M.A.    3s.  6d. 

Elements  of  Plane  and  Spherical  Trigonometry.    By  J.  Hind, 
M.A.    5th  Edition.    12ino.    6s. 

An  Elementary  Treatise   on   Mensuration.    By  B.  T.  Moore, 

M.A.    5s. 


ANALYTICAL   GEOMETRY 
AND    DIFFERENTIAL    CALCULUS. 

An  Introduction  to  Analytical  Plane   Geometry.    By  \V.  P. 

Turnbull,  M.A.    8vo.    12s. 

Treatise  on  Plane  Co-ordinate  Geometry.    By  M.  O'Brien,  M.A. 

8vo.    9s. 

Problems  on  the  Principles  of  Plane  Co-ordinate  Geometry. 

By  W.  Walton,  M.A.    8vo.    16s. 

Trilinear  Co-ordinates,  and  Modern  Analytical  Geometry  of 

Two  Dimensions.    By  W.  A.  Whitworth,  M.A.    8vo.    16s. 
An  Elementary  Treatise  on  Solid  Geometry.    By  W.  S.  Aldis, 
M.A.    2nd  Edition  revised.    8vo.    8s. 

Geometrical  Illustrations    of  the  Differential  Calculus.     By 

M.  B.  PeU.    8vo.    2s.  6d. 
Elementary  Treatise  on  the    Differential    Calculus.     By  M. 

O'Brien,  M.A.    8vo.    10s.  6d. 
Notes  on  Roulettes  and  Glissettes.     By  W.  H.  Besant,  M.A. 

8vo.    3s.  6d. 
Elliptic  Functions,  Elementary  Treatise  on.  By  A.  Cayley,  M.A. 

Demy  8vo.    15s. 


MECHANICS   &    NATURAL    PHILOSOPHY. 

Statics,   Elementary.    By  H.   Goodwin,  D.D.     Fcap.  8vo.     2nd 

Edition.    3s. 
Statics,  Treatise  on.    By  S.  Earnshaw,  M.A.    4th  Edition.    8ro. 

10s.  6d. 
Dynamics,  A  Treatise  on  Elementary.     By   W.  Garnett,  B.A. 

2nd  Edition.    Crown  8vo.    6s. 

Statics  and  Dynamics,  Problems  in.    By  W.  Walton,  M.A.    8vo. 

10s.  6d. 
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Theoretical  Mechanics,  Problems  in.    By  W.  Walton.     2nd  Edit. 

revised  and  enlarged.     Deiny  8vo.     16s. 
Mechanics,  An  Elementary  Treatise  on.     By  Prof.  Potter.     4th 

Edition  revised.    8s.  6d. 

Hydrostatics,  Elementary.    By  Prof.  Potter.     7s.  6d. 
Hydrostatics   By  W.  H.  Besant,  M.A.  Fcap.Svo.   7th  Edition.  4s. 
Hydromechanics,  A  Treatise  on.    By  W.  H.  Besant,  M.A.     8vo.  . 

New  Edition  revised.     10s.  6d. 

Dynamics  of  a  Particle,  A  Treatise  on  the.   By  W.  H.  Besant,  M.A. 

[Preparing. 
Dynamics  of  a  Rigid  Body,  Solutions  of  Examples  on  the.    By 

W.  N.  Griffin,  M.A.    8vo.    6s.  6d. 

Motion,  An  Elementary  Treatise  on.    By  J.  E.  Lunn,  M.A.    7s.  6d. 
Optics,  Geometrical.    By  W.  S.  Aldis,  M.A.     Fcap.  8vo.     3s.  6d. 
Double  Refraction,  A  Chapter  on  Fresnel's  Theory  of.     By  W.  S. 

Aldis,  M.A.    8vo.    2s. 
Optics,  An  Elementary  Treatise  on.      By  Prof.  Potter.     Part  I. 

3rd  Edition.    9s.  6d.     Part  II.  12s.  6d. 
Optics,  Physical ;  or  the  Nature  and  Properties  of  Light.     By  Prof. 

Potter,  A.M.    6s.  6d.    Part  II.  7s.  6d. 
Heat,  An  Elementary  Treatise  on.     By  W.  Garnett,  B.A.     Crown 

8vo.    2nd  Edition  revised.     3s.  6d. 
Geometrical  Optics,  Figures  Illustrative    of.     From   Schelbach. 

By  W.  B.  Hopkins.    Folio.    Plates.    10s.  6d. 

Newton's  Principia,  The  First  Three  Sections  of,  with  an  Appen- 
dix ;  and  the  Ninth  and  Eleventh  Sections.    By  J.  H.  Evans,  M.A.    5th 

Edition.    Edited  by  P.  T.  Main,  M.A.    4s. 
Astronomy,  An  Introduction  to  Plane.     By  P.  T.   Main,   M.A. 

Fcap.  8vo.  cloth.    4s. 

Astronomy,  Practical  and  Spherical.    By  K.  Main,  M.A.     8vo.    14s. 
Astronomy,    Elementary    Chapters    on,   from    the   '  Astronomie 

Physique'  of  Biot.     By  H.  Goodwin,  D.D.    8vo.    3s.  6d. 

Pure  Mathematics  and  Natural  Philosophy,  A  Compendium  of 

Facts  and  Formulas  in.     By  G.  R.  Srnalley.     Fcap.  8vo.    3s.  6d. 

Elementary   Course   of  Mathematics.     By  H.  Goodwin,  D.D. 

6th  Edition.     8vo.     16s. 
Problems  and  Examples,  adapted  to  the  '  Elementary  Course  of 

Mathematics.'    3rd  Edition.    8vo.    5s. 
Solutions  of  Goodwin's  Collection  of  Problems  and  Examples. 

By  W.  W.  Hutt,  M.A.    3rd  Edition,  revised  and  enlarged.    8vo.    9s. 
Pure  Mathematics,  Elementary  Examples  in.   By  J.  Taylor.    8vo. 

7s.  6d. 

Euclid,  Mechanical.  By  the  late  W.  Whewell,  D.D.   5th  Edition.  5s. 
Mechanics  of  Construction.     With  numerous  Examples.      By 

S.  Fenwick,  F.R.A.S.    8vo.    12s. 
Anti-Logarithms,  Table  of.    By  H.  E.  Filipowski.     3rd  Edition. 

8vo.     15s. 

Mathematical  and  other  Writings  of  R.  L.  Ellis,  M.A.  8vo.   16s. 
Pure  and  Applied  Calculation,  Notes  on  the  Principles  of.    By 

Rev.  J.  Challis,  M.A.     Demy  8vo.    15s. 
Physics,  The  Mathematical  Principle  of.     By  Rev.  J.  Challis,  M.A. 

Demy  8vo.    5s. 


10  George  Bell  and  Sons' 


HISTORY,  TOPOGRAPHY,  &c. 

Rome  and  the  Campagna.  By  E.  Burn,  M.A.  With  85  En- 
gravings and  26  Maps  and  Plans.  With  Appendix.  4to.  31.  3s. 

Modern  Europe.  By  Dr.  T.  H.  Dyer.  2nd  Edition  revised  and 
continued.  5  vols.  Demy  8vo.  21.  12s.  6d. 

The  History  of  the  Kings  of  Rome.  By  Dr.  T.  H.  Dyer.  8vo. 
16s. 

A  Plea  for  Livy.    By  Dr.  T.  H.  Dyer.    8vo.     Is. 
Roma  Regalis.    By  Dr.  T.  H.  Dyer.    8vo.    2s.  Qd. 

The  History  of  Pompeii:  its  Buildings  and  Antiquities.  By 
T.  H.  Dyer.  3rd  Edition,  brought  down  to  1874.  Post  8vo.  7s.  6d. 

Ancient  Athens :  its  History,  Topography,  and  Eemains.  By 
T.  H.  Dyer.  Super-royal  8vo.  Cloth.  11.  5s. 

The  Decline  of  the  Roman  Republic.  By  G.  Long.  5  vols. 
8vo.  14s.  each. 

A  History  of  England  during  the  Early  and  Middle  Ages.    By 

0.  H.  Pearson,  M.A.    2nd  Edition  revised  and  enlarged.    8vo.    Vol.  I. 
16s.    Vol.  II.  14s. 

Historical  Maps  of  England.  By  C.  H.  Pearson.  Folio.  2nd 
Edition  revised.  31s.  6cL 

History  of  England,  1800-15.  By  Harriet  Martineau,  with  new 
and  copious  Index.  1  vol.  3s.  6d. 

History  of  the  Thirty  Years'  Peace,  1815-46.  By  Harriet  Mar- 
tineau. 4  vols.  3s.  Qd.  each. 

A  Practical  Synopsis  of  English  History.  By  A.  Bowes.  4th 
Edition.  8vo.  2s. 

Student's  Text-Book  of  English  and  General  History.  By 
D.  Beale.  Crown  8vo.  2s.  6d. 

Lives  of  the  Queens  of  England.  By  A.  Strickland.  Library 
Edition,  8  vols.  7s.  6cl.  each.  Cheaper  Edition,  6  vols.  5s.  each.  Abridged 
Edition,  1  vol.  6s.  6<J. 

Eginhard's  Life  of  Karl  the  Great  (Charlemagne).  Translated 
•with  Notes,  by  "W.  Glaister,  M.A.,  B.C.L.  Crown  8vo.  4s.  6d. 

Outlines  of  Indian  History.  By  A.  W.  Hughes.  Small  post 
8vo.  3s.  6d. 

The  Elements  of  General  History.  By  Prof.  Tytler.  New 
Edition,  broiight  down  to  1874.  Small  post  8vo.  s.  6d. 

ATLASES. 

An  Atlas  of  Classical  Geography.  24  Maps.  By  W.  Hughes 
and  Q-.  Long,  M.A.  New  Edition.  Imperial  8vo.  12s.  6cl. 

A  Grammar- School  Atlas  of  Classical  Geography.  Ten  Maps 
selected  from  the  above.  New  Edition.  Imperial  8vo.  5s. 

First  Classical  Maps.    By  the  Rev.  J.  Tate,  M.A.    3rd  Edition. 

Imperial  8vo.    7».  6d. 
Standard  Library  Atlas   of  Classical   Geography.    Imp.  8vo. 

7s.  6d. 
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PHILOLOGY. 

WEBSTER  S    DICTIONARY    OF    THE    ENGLISH  LAN- 
GUAGE.    Re-edited  by  N.  Porter  and  C.  A.  Goodrich.     With  Dr.  Mahn's 
Etymology.    1  vol.  21s.     With  Appendices   and  70  additional  pages  of 
Illustrations,  31s.  6d. 
'  THE  BEST  PRACTICAL  ENGLISH  DICTIONARY  EXTANT.' — Quarterly  Review. 

Prospectuses,  with  specimen  pages,  post  free  on  application. 
New  Dictionary  of  the  English  Language.  Combining  Explan- 
ation with  Etymology,  and  copiously  illustrated  by  Quotations  from  the 
best  Authorities.  By  Dr.  Richardson.  New  Edition,  with  a  Supplement. 
2  vols.  4to.  41. 14s.  6d.;  half  russia,  51.  15s.  6oL;  russia,  61. 12s.  Supplement 
separately.  4to.  12s. 

AnSvo.  Edit,  without  the  Quotations,  15s.;  half  russia,  20s.;  russia,  24s. 

The  Elements  of  the  English  Language.    By  E.  Adams,  Ph.D. 

15th  Edition.     Post  8vo.    4s.  6d. 

Philological  Essays.    By  T.  H.  Key,  M.A.,  F.B.S.    8vo.    10s.  6d. 
Language,  its  Origin  and  Development.     By  T.  H.  Key,  M.A., 

F.R.S.    8vo.     14s. 

Synonyms  and  Antonyms  of  the  English  Language.    By  Arch- 
deacon Smith.    2nd  Edition.    Post  8vo.    5s. 
Synonyms  Discriminated.  By  Arch  deacon  Smith.  DemySvo.  16s. 

Etymological  Glossary  of  nearly  2500  English  Words  in 
Common  Use  derived  from  the  Greek.  By  the  Rev.  E.  J.  Boyce.  Fcap. 
8vo.  3s.  6d. 

A  Syriac  Grammar.  By  Or.  Phillips,  D.D.  3rd  Edition,  enlarged. 
8vo.  7s.  6d. 

A  Grammar  of  the  Arabic  Language.  By  Eev.  W.  J.  Beau- 
mont, M.A.  12mo.  7s. 

Who  Wrote  It  ?  A  Dictionary  of  Common  Poetical  Quotations. 
Fcap.  8vo.  2s.  6cl. 


DIVINITY,   MORAL   PHILOSOPHY,  &e. 

Novum  Testamentum  Graecum,  Textus  Stephanici,  1550.  By 
F.  H.  Scrivener,  A.M.,  LL.D.  New  Edition.  16mo.  4s.  6<i.  Also  on 
Writing  Paper,  with  Wide  Margin.  Half-bound.  12s. 

By  the  same  Author. 
Codex  Bezae  Cantabrigiensis.    4to.    26s. 

A  Full  CoUation  of  the  Codex  Sinaiticus  with  the  Eeceived  Text 
of  the  New  Testament,  with  Critical  Introduction.  2nd  Edition,  revised. 
Fcap.  8vo.  5s. 

A  Plain  Introduction  to  the  Criticism  of  the  New  Testament. 

With  Forty  Facsimiles  from  Ancient  Manuscripts.    2nd  Edition.    8vo.  16s. 

Six  Lectures  on  the  Text  of  the  New  Testament.  For  English 
Readers.  Crown  8vo.  6s. 


The  New  Testament  for  English  Readers.  By  the  late  H.  Alford, 
D.D.  Vol.  I.  Part  I.  3rd  Edit.  12s.  Vol.  I.  Part  II.  2nd  Edit.  10s.  6d. 
Vol.  II.  Part  I.  2nd  Edit.  16s.  Vol.  II.  Part  II.  2nd  Edit.  16s. 

The  Greek  Testament.    By  the  late  H.  Alford,  D.D.     Vol.  I.  6th 

Edit.  11.  8s.     Vol.  II.  6th  Edit.  II.  4s.     Vol.  III.  5th  Edit.  18s.     Vol.  IV. 
Part  I.  4th  Edit.  18s.    Vol.  IV.  Part  II.  4th  Edit.  14s.    Vol.  IV.  11.  12s. 
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Companion  to  the  Greek  Testament.    By  A.  C.  Barrett,  M.A. 

3rd  Edition.    Fcap.  8vo.    5s. 
Liber  Apologeticus.     The  Apology  of   Tertullian,  with  English 

Notes,  by  H.  A.  Woodham,  LL.D.    2nd  Edition.    8vo.    8s.  6d. 
The  Book  of  Psalms.    A  New  Translation,  with  Introductions,  &c. 

By  Very  Rev.  J.  J.  Stewart  Perowne,  D.D.    8vo.    Vol.  I.  4th  Edition,  18s. 

Vol.  II.  4th  Edit.  16s. 

Abridged  for  Schools.     2nd  Edition.     Crown  8vo.     10s.  6d. 

History  of  the  Articles  of  Religion.    By  C.  H.  Hardwick.     3rd 

Edition.    Post  8vo.    5s. 

Pearson  on  the  Creed.  Carefully  printed  from  an  early  edition. 
With  Analysis  and  Index  by  E.  Walford,  M.A.  Post  8vo.  5s. 

Doctrinal  System  of  St.  John  as  Evidence  of  the  Date  of  his 

Gospel.    By  Rev.  J.  J.  Lias,  M.A.     Crown  8vo.    6s. 

An   Historical   and  Explanatory   Treatise    on  the   Book  of 

Common  Prayer.     By  Rev.  W.  G.  Humphry,  B.D.    5th  Edition,  enlarged. 
Small  post  8vo.    4s.  6d. 

The  New  Table  of  Lessons  Explained.    By  Eev.  W.  G.  Humphry, 

B.D.    Fcap.    Is.  6d. 
A  Commentary  on  the  Gospels  for  the  Sundays  and  other  Holy 

Days  of  the  Christian  Year.     By  Rev.  W.  Denton,  A.M.    New  Edition. 

3  vols.  8vo.    54s.     Sold  separately. 
Commentary  on  the  Epistles  for  the  Sundays  and  other  Holy 

Days  of  the  Christian  Year.    By  Rev.  W.  Denton,  A.M.    2  vols.    36s.   Sold 

separately. 
Commentary  on  the  Acts.    By  Eev.  W.  Denton,  A.M.     Vol.  I. 

8vo.    18s.    Vol.  II.    14s. 
Notes  on  the  Catechism.     By  Eev.  A.  Barry,  D.D.     5th  Edit. 

Fcap.    2s. 
Catechetical  Hints  and  Helps.    By  Eev.  E.  J.  Boyce,  M.A.    3rd 

Edition,  revised.    Fcap.    2s.  6d. 
Examination  Papers  on  Religious  Instruction.    By  Eev.  E.  J. 

Boyce.    Sewed.    Is.  6d. 
Church  Teaching  for  the  Church's  Children.     An  Exposition 

of  the  Catechism.     By  the  Rev.  F.  W.  Harper.     Sq.  fcap.  2s. 
The  Winton  Church  Catechist.     Questions  and  Answers  on  the 

Teaching-  of  the  Church  Catechism.     By  the  late  Rev.  J.  S.  B.  Monsell, 

LL.D.    3rd  Edition.     Cloth,  3s.;  or  in  Four  Parts,  sewed. 

The  Church  Teacher's  Manual  of  Christian  Instruction.  By 
Rev.  M.  F.  Sadler.  16th  Thousand.  2s.  6d. 

Short  Explanation  of  the  Epistles  and  Gospels  of  the  Chris- 
tian Year,  with  Questions.  Royal  32mo.  2s.  6d.;  calf,  4s.  6d. 

Butler's  Analogy  of  Religion;  with  Introduction  and  Index  by 
Rev.  Dr.  Steere.  New  Edition.  Fcap.  3s.  6d. 

Three   Sermons  on  Human  Nature,  and  Dissertation  on 

Virtue.    By  W.  Whewell,  D.  D.    4th  Edition.     Fcap.  8vo.    2s.  6d. 

Lectures  on  the  History  of  Moral  Philosophy  in  England.    By 

W.  Whewell,  D.D.     Crown  8vo.    8s. 
Elements  of  Morality,  including  Polity.    By  W.  Whewell,  D.D. 

New  Edition,  in  8vo.     15s. 
Astronomy  and  General  Physics  (Bridgewater  Treatise).    New 

Edition.    5s. 
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Kent's  Commentary  on  International  Law.  By  J.  T.  Abdy, 
LL.D.  New  and  Cheap  Edition.  Crown  Svo.  10s.  6d. 

A  Manual  of  the  Roman  Civil  Law.  By  G.  Leapingwell,  LL.D. 
8vo.  12s. 


FOREIGN    CLASSICS. 

A  series  for  use  in  Schools,  ivith  English  Notes,  grammatical  and 

explanatory,  and  renderings  of  difficult  idiomatic  expressions. 

Fcap.  Svo. 

Schiller's  Wallenstein.  By  Dr.  A.  Bnchheim.   New  Edit.     6s.  6d. 
Or  the  Lager  and  Piccolomini,  3s.  6d.    Wallenstein's  Tod,  3s.  6d. 

Maid  of  Orleans.    By  Dr.  W.  Wagner.    3s.  Qd. 

Maria  Stuart.    By  V.  Kastner.     3s. 

Goethe's    Hermann   and    Dorothea.      By  E.  Bell,  M.A.,   and 

E.  Wolfel.    2s.  6d. 
German  Ballads,  from  Uhland,  Goethe,  and  Schiller.    By  C.  L» 

Bielefeld.    3s.  6d. 

Charles  XII.,  par  Voltaire.     By  L.  Direy.     3rd  Edition.     3s.  &d. 
Aventures  de  Telemaque,  par  Fenelon.    By  C.  J.  Delille.    2nd 

Edition.    4s.  6d. 

Select  Fables  of  La  Fontaine.  By  F.  E.  A.  Gasc.  New  Edition.  3s. 
Picciola,  by  X.  B.  Saintine.    By  Dr.  Dubuc.     4th  Edition.     3s.  Qd. 


FRENCH    CLASS-BOOKS. 

Twenty  Lessons  in  French.  With  Vocabulary,  giving  the  Pro- 
nunciation. By  W.  Brebner.  Post  Svo.  4s. 

French  Grammar  for  Public  Schools.  By  Eev.  A.  C.  Clapin,  M.A. 
Fcap.  8vo.  6th  Edit.  2s.  6d.  Separately,  Part  I.  2s. ;  Part  II.  Is.  6(i. 

French  Primer.  By  Eev.  A.  C.  Clapin,  M.A.  3rd  Edition.  Fcap. 
8vo.  Is. 

Primer  of  French  Philology.  ByKev.  A.  C.  Clapin.  Fcap.  Svo.  1*. 

Le  Nouveau  Tresor;  or,  French  Student's  Companion.  By 
M.  E.  S.  16th  Edition.  Fcap.  Svo.  3s.  6d. 

F.  E.  A.  GASC'S  FKENCH  COUESE. 
First  French  Book.    Fcap  Svo.    New  Edition.    Is.  Gd. 
Second  French  Book.    New  Edition.    Fcap.  Svo.    2s.  Qd. 
Key  to  First  and  Second  French  Books.     Fcap.  Svo.     3s.  6d. 

French  Fables  for  Beginners,  in  Prose,  with  Index.  New  Edition. 
12mo.  2s. 

Select  Fables  of  La  Fontaine.    New  Edition.    Feap.  Svo.    3s. 
Histoires  Amusantes  et  Instmctives.  With  Notes.   New  Edition. 
Fcap.  Svo.    2s.  6d. 
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Practical  Guide  to  Modern  French  Conversation.    Fcap.  8vo. 


French  Poetry  for  the  Young.    With  Notes.    Fcap.  8vo.    2s. 
Materials  for  French  Prose  Composition;  or,  Selections  from 

the  best  English  Prose  Writers.    New  Edition.   Fcap.  8vo.  4s.  6d.    Key,  6s. 
Prosateurs  Contemporains.     With  Notes.    8vo.    New  Edition, 

revised.    5s. 
Le  Petit  Compagnon ;   a  French  Talk-Book  for  Little  Children. 

16mo.     2s.  6d. 

An  Improved  Modern  Pocket  Dictionary  of  the  French  and 
English  Languages.  25th  Thousand,  with  additions.  16mo.  Cloth.  4s. 
Also  in  2  vols.,  in  neat  leatherette,  5s. 

Modern  French-English  and  English-French  Dictionary.  2nd 
Edition,  revised.  In  1  vol.  12s.  6d.  (formerly  2  vols.  25s.) 

GOMBEET'S  FEENCH  DEAMA. 

Being  a  Selection  of  the  best  Tragedies  and  Comedies  of  Moliere, 
Racine,  Comeille,  and  Voltaire.  With  Arguments  and  Notes  by  A. 
Gombert.  New  Edition,  revised  by  F.  E.  A.  G-asc.  Fcap.  8vo.  Is.  each; 
sewed,  6d.  CONTENTS. 

MOLIERE  :— Le  Misanthrope.  L'Avare.  Le  Bourgeois  G-entilhomme.  Le 
Tartuffe.  Le  Malade  Imaginaire.  Les  Femmes  Savantes.  Les  Fourberies 
de  Scapin.  Les  Pre"cieuses  Ridicules.  L'Ecole  des  Femines.  L'Ecole  des 
Maris.  Le  M^decin  malgre  Lui. 

RACINE  :— Phe"dre.     Esther.     Athalie.     Iphige'nie.     Les  Plaideurs. 
The'baide ;  or,  Les  Freres  Ennemis.    Andromaque.    Britannicus. 
P.  CORNEILLE  : — Le  Cid.    Horace.    China.    Polyeucte. 
VOLTAIRE  :— Zaire. 


GERMAN    CLASS-BOOKS. 

Materials  for  German  Prose  Composition.    By  Dr  Buchheim. 

5th  Edition,  revised,  with  an  Index.     Fcap.    4s.  6d. 
A  German  Grammar  for  Public  Schools.     By  the  Eev.  A.  C. 

ClapinandF.  Holl  Muller.     Fcap.    2s.  6d. 
Kotzebue's  Der  Gefangene.  With  Notes  by  Dr.  W.  Stromberg.  Is. 


ENGLISH    CLASS-BOOKS. 

The  Elements  of  the  English  Language.,    By  E.  Adams,  Ph.D. 
•     15th  Edition.    Post  8vo.    4s.  6d. 

The    Rudiments   of   English  Grammar   and    Analysis.      By 

E.  Adams,  Ph.D.    New  Edition.    Fcap.  8vo.    2s. 

BY  C.  P.  MASON,  B.A.  LONDON  UNIVEBSITY. 

First  Notions  of  Grammar  for  Young  Learners.     Fcap.  8vo. 

Cloth.    8d. 
First  Steps  in  English  Grammar  for  Junior  Classes.     Demy 

18mo.    New  Edition.    Is. 
Outlines  of  English  Grammar  for  the  use  of  Junior  Classes. 

Cloth.     5th  Edition.    Is.  6d. 
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Englis  c.mirar,   including    the    Principles  of    Grammatical 

Analj  sis.    22nd  Edition.    Post  8vo.    3s.  6d. 

Shorter  English   Grammar,   with  copious    carefully    graduated 
Exercises.     Crown  8vo.     3s.  6d.  [Just  published. 

English  Grammar  Practice,  being  the  Exercises  from  the  above, 
in  a  separate  volume.    Is.  [Jitst  published. 

The  Analysis  of  Sentences  applied  to  Latin.    Post  8vo.    Is.  6d. 

Analytical  Latin  Exercises  :  Accidence  and  Simple  Sentences,  &c. 
Post  8vo.    3s.  6d. 

Edited  for  Middle-Class  Examinations. 

With  Notes  on  the  Analysis  and  Parsing,  and  Explanatory  Remarks. 
Milton's  Paradise  Lost,  Book  I.    With  Life.    3rd  Edit.    Post  8vo. 

2s. 

Book   II.     With  Life.     2nd  Edit.    Post  8vo.     2s. 

Book  in.    With  Life.     Post  8vo.    2s. 

Goldsmith's  Deserted  Village.    With  Life.    Post  8vo.     Is.  &d. 
Cowper's  Task,  Book  II.    With  Life.    Post  8vo.    2s. 
Thomson's  Spring.    With  Life.    Post  8vo.    2s. 

Winter.    With  Life.    Post  8vo.    2s. 

Practical  Hints  on  Teaching.   By  Rev.  J.  Menet,  M.A.   4th  Edit. 

Crown  8vo.  cloth,  2s.  6d.  ;  paper,  2s. 

Test  Lessons  in  Dictation.    Paper  cover,  Is.  Gd. 

Questions  for  Examinations  in  English  Literature.    By  Eev. 
W.  W.  Skeat.    2s.  6d, 

Drawing  Copies.    By  P.  H.  Delamotte.    Oblong  8vo.  12s.    Sold 
also  in  parts  at  Is.  each. 

Poetry  for  the  School-room.    New  Edition.    Fcap.  8vo.    Is.  Qd. 

Select  Parables  from  Nature,  for  Use  in  Schools.    By  Mrs.  A. 
Gatty.    Fcap.  8vo.    Cloth.    Is. 

School  Record  for  Young  Ladies'  Schools.     &d. 

Geographical  Text-Book ;  a  Practical  Geography.    By  M.  E.  S. 

12mo.    2s. 

The  Blank  Maps  done  up  separately,  4to.    2s.  coloured. 

A  First  Book  of  Geography.    By  Rev.  C.  A.  Johns,  B.A.,  F.L.S. 

&c.    Illustrated.    12mo.    2s.  Qd. 

Loudon's  (Mrs.)  Entertaining  Naturalist.  New  Edition.  Revised 

by  W.  S.  Dallas,  F.L.S.    5s. 
Handbook  of  Botany.    New  Edition,  greatly  enlarged  by 

D.  Wooster.    Fcap.    2s.  6d. 

The  Botanist's  Pocket-Book.    With  a  copious  Index.    By  W.  R. 
Hayward.    2nd  Edit,  revised.    Crown  8vo.    Cloth  limp.    4s.  6d. 

Experimental  Chemistry,  founded  on  the  Work  of  Dr.  Stockhardt. 
By  C.  W.  Heaton.    Post  8vo.    5s. 

Double  Entry  Elucidated.    By  B.  W.  Foster.     7th  Edit.    4to. 
8s  6d. 


16        George  Bell  and  Sons'  Educational  Works. 

A  New  Manual  of  Book-keeping.    By  P.  Crellin,  Accountant. 

Crown  8vo.    3s.  6d. 
Picture   School-Books.     In  Simple   Language,   with  numerous 

Illustrations.     Royal  16mo. 

School  Primer.  6d.— School  Reader.  By  J.  Tilleard.  Is.— Poetry  Book 
for  Schools.  Is.— The  Life  of  Joseph.  Is.— The  Scripture  Parables.  By  the 
Rev.  J.  E.  Clarke.  Is.— The  Scripture  Miracles.  By  the  Rev.  J.  E.  Clarke. 
Is.— The  New  Testament  History.  By  the  Rev.  J.  G.  Wood,  M.A.  Is.— The 
Old  Testament  History.  By  the  Rev.  J.  G.  Wood,  M.A.  Is.— The  Story  of 
Bunyan's  Pilgrim's  Progress.  Is.— The  Life  of  Christopher  Columbus.  By 
Sarah  Crompton.  Is. — The  Life  of  Martin  Luther.  By  Sarah  Crompton.  Is. 


BOOKS  FOR  YOUNG  READERS. 

In  8  vols.    Limp  cloth,  6d.  each. 

The  New-born  Lamb ;  Rosewood  Box  ;  Poor  Fan  ;  Wise  Dog The  Cat 

and  the  Hen ;  Sam  and  his  Dog  Red-leg ;  Bob  and  Tom  Lee  ;  A  Wreck The 

Three  Monkeys Story  of  a  Cat,  told  by  Herself The  Blind  Boy ;  The  Mute 

Girl ;  A  New  Tale  of  Babes  in  a  Wood The  Dey  and  the  Knight ;  The  New 

Bank-note  ;  The  Royal  Visit ;  A  King's  Walk  on  a  Winter's  Day Queen  Bee 

and  Busy  Bee Gull's  Crag,  a  Story  of  the  Sea. 


BELL'S    READING-BOOKS. 

FOR   SCHOOLS  AND   PAROCHIAL  LIBRARIES. 

The  popularity  which  the  '  Books  for  Young  Readers '  have  attained  is 
a  sufficient  proof  that  teachers  and  pupils  alike  approve  of  the  use  of  inter- 
esting stories,  with  a  simple  plot  in  place  of  the  dry  combination  of  letters  and 
syllables,  making  no  impression  on  the  mind,  of  which  elementary  reading- 
books  generally  consist. 

The  Publishers  have  therefore  thought  it  advisable  to  extend  the  application 
of  this  principle  to  books  adapted  for  more  advanced  readers. 

Now  Ready.     Post  Svo.     Strongly  bound. 

Masterman  Ready.    By  Captain  Marryat,  B.N.    Is.  Qd. 
The  Settlers  in  Canada.    By  Captain  Marryat.  K.N.     Is.  Qd. 
Parables  from  Nature.     (Selected.)    By  Mrs.  Gatty.     Is. 
Friends  in  Fur  and  Feathers.    By  Gwynfryn.    Is. 
Robinson  Crusoe.     Is.  6d. 

Andersen's  Danish  Tales.     (Selected.)    By  E.  Bell,  M.A.     Is. 
Southey's  Life  of  Nelson.     (Abridged.)     Is. 
Grimm's  German  Tales.     (Selected.)    By  E.  Bell,  M.A.     Is. 
Life  of  the  Duke  of  Wellington,  with  Maps  and  Plans.     Is. 
Others  in  Preparation. 


London :  Printed  by  JOHN  STRANGEWAYS,  Castle  St.  Leicester  Sq. 
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